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General Abstract 
Global warming is unequivocal and may affect many ecosystems; greenhouse 
gases (GHG, CO2, N2O and CH4) are one of the dominating forces for these changes. 
Land-use types, nitrogen deposition and climate are three important factors that are 
strongly affecting GHG fluxes. However, the mechanisms of the three factors and 
their interactions on GHG fluxes have not been fully understood. Therefore, the main 
objectives of this study is to evaluate the dynamics of GHG fluxes and soil C, N 
cycles as affected by land-use types and N inputs under the aerobic experimental and 
field conditions. And through the comparison as well as correlations between GHG 
fluxes and soil physical, chemical and microbial properties, the major factors 
controlling soil GHG fluxes are finding out. 
In Chapter 2, CO2, N2O and CH4 production/consumption potentials from 
central Japan and eastern Hungary were investigated. The average of CO2 production 
in Japanese soils was significantly higher than that of Hungarian soils due to the 
relatively higher MBC content. N2O production from both countries’ soils did not 
exhibit a significant difference. Most of soils except Japanese paddy and soybean 
soils showed the potentials for CH4 consumption. CO2 production and CH4 
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consumption showed positive correlations with soil MBC and C/N ratio in both 
countries’ soils, respectively.  
In chapter 3, I compared CO2 and N2O production potentials in the surface 
soils of three adjacent lands (apple orchard, grassland and forest) with three N 
additions (0, 30 and 150 kg N ha
–1
 yr
–1
) in central Japan under aerobically incubated 
conditions for 12 weeks. Land-use types significantly influenced soil N2O and CO2 
productions; A soil showed significant higher N2O and CO2 productions than G and F 
soils (p < 0.05). N addition increased N2O production in all three land-use types. 
In Chapter 4, I evaluated the temporal dynamics of soil GHG fluxes and soil C, 
N properties under three land-use types following two N inputs in a model of 
agricultural ecosystem on the cold highland mountainous area. The CO2 and N2O 
fluxes had clearly seasonal dynamics; they showed positive correlations with 
temperature that was, showing peak values in August while lowest in November 
during the two growing seasons. CH4 fluxes exhibited no seasonal dynamics in the 
three land-use types. Land-use type had significant impacts on GHG fluxes; namely, 
apple orchard had the maximum emissions of CO2 and N2O fluxes, while the forest 
showed the least amount of CH4 flux among the three land-use types. It could be 
concluded that the soil temperature mainly affected soil CO2 and N2O fluxes. Apple 
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orchard was the main sources of CO2 and N2O. Grassland acted as the medium 
sources of CO2 and N2O. Forest ecosystem emitted lowest CO2 and N2O, acted as the 
sink of CH4. Soil C and N pool is stable, and soil TC and TN had no clear seasonal 
change. Soil MBC and MBN showed a clear seasonal change only in the forest 
ecosystem, with the maximum amount in August and minimums amount in 
November.  Further, the concentrations of soil C and N in upper soil layer (0-10 cm) 
were higher than those of in subsoil layer (10-20 cm) in all three lands. These 
indicated that soil C and N were easily to be affected by temperature, rainfall, 
agricultural activities and their cycles are faster.   
In conclusion, land-use type had significantly effects on GHG fluxes through 
affecting soil properties in both of eastern Hungary and central Japan. Agricultural 
soils increased CO2 and N2O emissions while decreased CH4 uptake. High dose of N 
addition (N150) significantly increased soil N2O production under the aerobic 
incubation conditions by rapidly increasing soil available N. Climate and seasonal 
changes have great impacts on soil temperature and moisture contents and thus can 
greatly affect the soil C and N cycles. Higher temperatures as well as intense rainfall 
showed positive effects on CO2 and N2O emissions.     
 
 
  
 
IX 
要  旨 
地球温暖化は紛れもなく進行しており、多くの生態系に影響を及ぼして
いる。温室効果ガス（CO2; 二酸化炭素, N2O;一酸化二窒素 と CH4;メタン）は
これらの変化の重要な要因の 1 つである。土地利用、窒素沈着および気候は
温室効果ガスの放出に影響を及ぼす３つの重要な因子である。しかしこれら
の影響の機構と相互作用はまだほとんど解明されていない。本研究では土地
利用や窒素沈着が温室効果ガスフラックスと土壌炭素・窒素循環の動態に及
ぼす影響を好気的室内実験と野外実験で解析した。さらに温室効果ガスフラ
ックスと土壌物理性、化学性、微生物性との相互関係を比較し、土壌からの
温室効果ガスフラックスに影響する主要因子を見出すことを目的とした。 
第 2 章では中部日本とハンガリー東部土壌中の CO2, N2O と CH4の潜在的生
成能・消費能を調査した。両国土壌の CO2生成能と CH4吸収能はそれぞれ微生
物バイオマス炭素と土壌 C/N比と正の相関関係を示した。 
第 3 章では中央日本の３つの隣接する土地利用（リンゴ園・草地・森林）
の表土に３つの水準(0, 30 および 150 kg N ha–1 yr–1)で窒素を添加し好気的
に 12 週間培養した場合の CO2生成能と N2O 生成能を比較した。土地利用は土
壌の CO2生成能と N2O 生成能に有意に影響を及ぼし、リンゴ園土壌が草地や森
林土壌より有意に高い CO2生成能と N2O 生成能を示した。窒素添加は３土壌で
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N2O生成能を高めた。 
第 4 章では寒冷高地農林生態系試験地における３つの土地利用の表土に
２つの水準で窒素を添加し、土壌からの温室効果ガスフラックスと土壌炭
素・窒素に関する諸性質の時間変化を評価した。土壌からの CO2と N2O フラッ
クスは明確な季節変化を示し、温度と高い相関関係を示し、2 年間にわたっ
て 8 月に最高となり 11 月に最低となった。CH4フラックスは３つの土地利用
ともに季節変化を示さなかった。温室効果ガスは土地利用により有意な影響
を受け、リンゴ園でもっとも多い CO2と N2O フラックスを示し、森林でもっと
も小さい CH4フラックスを示した。 
以上より、わが国中部およびハンガリー東部での土地利用は土壌の性質
を介して温室効果ガスフラックスに影響を及ぼした。農耕地土壌では CO2・
N2O 放出量は増加し、CH4 の消費量は減少した。高濃度(150 kg N ha
–1 yr–1)の
窒素添加は好気的培養での土壌中の有効態窒素量を急速に増加させ有意に N2O
放出量を増加させた。気候と季節変化は土壌温度と含水量に顕著な影響を与
え、土壌炭素と窒素循環にも著しい影響を及ぼした。高温や多雨では CO2・
N2O放出量は高まった。 
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总 摘 要 
全球温暖化已经是一个毋庸置疑的课题，这对很多生态系统造成严重的影
响。大气温室气体（GHG，包括二氧化碳，CO2；氧化亚氮，N2O和甲烷，CH4）
浓度的增加是导致全球温暖化的主要因素。土地利用类型，氮沉降以及气候变
化是三个影响温室气体通量的重要因素。然而，这三个因素以及它们之间的相
互作用对温室气体通量的影响机制还没有被充分的认识和理解。因此，本研究
的主要目的和意义是利用实验室模拟培养实验和野外实验相结合的方法，科学
评估不同土地利用类型和 N 输入对温室气体通量和土壤碳氮循环动态的影响。
通过对温室气体通量和土壤物理，化学和生物学性质之间关系的对比以及相关
性分析，从而进一步探索土壤温室气体通量的主要控制因素。 
第 2 章，我分别对日本中部和匈牙利东部四种土地利用类型（森林，草地，
果园和农田），十种土壤类型下 CO2，N2O和 CH4生产/消费潜势进行了调查和
分析。结果表明，日本土壤 CO2 的平均生产潜势显著高于匈牙利土壤；N2O 的
平均生产潜势并没有显著差别；除了日本的水稻田和大豆地土壤，其他土壤全
部呈现出 CH4的消费潜势。另外，两国土壤的 CO2 和 CH4通量均分别与土壤微
生物量碳（MBC）和土壤碳氮比（C / N）呈现显著的正相关关系。 
第 3 章，对日本中部三个相邻样地（苹果果园，草地和森林）的表层土壤
CO2 和 N2O 生产潜势进行了对比和分析。为了观察土壤温室气体通量对氮沉降
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的响应，三个水平的氮处理被设置（0, 30 和 150 kg N ha–1 yr–1），实验在有氧
培养条件进行了 12 周。结果表明：土地利用类型对土壤 N2O 和 CO2生产潜势
有显著的影响，果园土壤的 N2O 和 CO2生产潜势显著高于草地和森林土壤 （p 
< 0.05）。在三种土地利用类型下，氮添加均对土壤 N2O 的产生有促进作用，
而高水平的氮添加（N150）显著增加了 N2O的累积生产量（p < 0.05）。 
第 4 章，我对寒冷地山区农业生态系统模型千叶大学利根冷地农场，三种
土地利用类型（苹果果园，草地和森林）下土壤温室气体通量及土壤碳的时空
动态进行了两年的调查分析。结果表明：CO2 和 N2O 通量的年变化呈单峰型并
且与气温变化有显著的正相关关系；在两个生长季，两种气体的峰值均出现在
8 月，而最低值均出现在 11 月；然而 CH4气体的通量并没有随气温高低呈季节
性变化的动态。在野外实验条件下，土地利用类型对温室气体通量仍然有显著
的影响（p < 0.05），在这三种土地利用类型下，苹果园 CO2和 N2O 的排放通
量最高，而森林 CH4的排放通量最小。土壤温度是影响 CO2和 N2O气体通量的
主要动力；苹果园农业生态系统是 CO2 和 N2O 的主要来源；草地生态系统是
CO2和 N2O的第二来源；而森林生态系统则是 CO2和 N2O的最低来源以及 CH4
的最主要的汇。三种土地利用类型下土壤的碳氮库都很稳定，土壤全碳和全氮
没有呈显著的季节性变化。在无干扰的森林生态系统中，土壤的微生物生物量
碳和氮呈现出明显的季节变化特征，即峰值出现在 8月，最低值在 11月。此外，
表层土壤（0-10 cm）易受气温，降雨，农业活动等外界条件的影响，土壤碳氮
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的不同形态之间的转换比较快，简言之，土壤碳氮循环较快，并且其碳氮含量
也相对高于深层土壤（10-20 cm）。 
总之，在匈牙利东部和日本中部，土地利用类型通过影响土壤理化性质对
温室气体通量照成了显著地影响。旱地农业生态系统由于长期施肥和其他的活
动增加了 CO2和 N2O排放而减少了对 CH4吸收。在有氧培养条件下，高水平的
氮处理（N150）通过迅速增加土壤速效氮的浓度，显着增加了土壤 N2O 排放。
气候以及季节变化对土壤温度和水分含量有很大的影响，从而可以极大的影响
土壤碳氮循环和温室气体通量，而较高的气温以及强降雨对 CO2和 N2O 排放有
明显的促进作用。 
Chapter 1 
 
 
 
1 
Chapter 1 
General Introduction 
1.1 Global warming and greenhouse gases 
Global mean surface temperatures have risen by 0.74°C ± 0.18°C when 
estimated by a linear trend over the last 100 years (1906–2005). The rate of warming 
over the last 50 years is almost double that over the last 100 years (0.13 ± 0.03°C vs. 
0.07 ± 0.02°C per decade). There is a growing consensus that the warming is at least 
in part a consequence of increasing anthropogenic greenhouse gases (GHGs). GHGs 
cause a global climate forcing, i.e., an imposed perturbation of the Earth’s energy 
balance with space. There are many competing natural and anthropogenic climate 
forcing, but increasing GHGs are estimated to be the largest forcing and to result in a 
net positive forcing, especially during the past few decades (IPCC 2007).  
Human activities result in emissions of four principal greenhouse gases: 
carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O) and the halocarbons (a 
group of gases containing fluorine, chlorine and bromine). These gases accumulate in 
the atmosphere, causing concentrations to increase with time. Significant increases in 
all of these gases have occurred in the industrial era (Table 1-1). The largest 
anthropogenic climate forcing is by CO2, CH4, and aerosols (IPCC 2007). 
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1.2 Main greenhouse gases from soils 
1.2.1 Carbon dioxide (CO2) 
CO2 is the most important anthropogenic greenhouse gas, corresponding to 
around 60% of the enhanced greenhouse effect, increasing from the pre-industrial 
level of 280 ppm to 379 ppm in 2005 (IPCC 2007). CO2 has increased from fossil fuel 
use in transportation, building heating and cooling and the manufacture of cement and 
other goods. Deforestation releases CO2 and reduces its uptake by plants. CO2 is also 
released in natural processes such as the decay of plant matter (IPCC 2007). CO2 
emissions resulting from respiration in soil and vegetation are the principal sources 
from which this gas enters the atmosphere, being 10–15 times greater than emissions 
of CO2 from fossil fuels (Raich and Schlesinger 1992). Field data indicate that most 
temperate and boreal forests are significant sinks for CO2 (Goulden et al. 1996), with 
soil respiration being the main determinant of carbon balance in European forests 
(Valentini et al. 2000). 
Carbon dioxide (CO2) 1.66
Methane (CH4) 0.48
Nitrous oxide (N2O) 0.16
280 ppm 379 ppm
715 ppb
270 ppb
1774 ppb
319 ppb
Table 1-1  Atmospheric concentrations of GHGs since 1750
Current (2005)
Amount by volume
Pre-industrial (1750)
Amount by volume
Gases
Radiative Forcing
(W/m
2
, 2005)
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1.2.2 Nitrous oxide (N2O) 
The longevity of N2O and the abundance of this GHG in the atmosphere 
relates directly to anthropogenic modification of the global N cycle. Although its 
atmospheric concentration is much lower than that of CO2, N2O has roughly 300 
times the warming potential of CO2 per molecule (Forster et al. 2007), also leading to 
depletion of the stratospheric ozone layer (Ravishankara et al. 2009). N2O is emitted 
by human activities such as fertilizer use and fossil fuel burning. Natural processes in 
soils and the oceans also release N2O. N2O is produced in soil mainly in the course of 
two contrasting microbial processes: nitrification of ammonium (NH4
+), to nitrite 
(NO2
–) and thence to nitrate (NO3
–) and denitrification of nitrate to N2O and 
ultimately to molecular nitrogen (N2). Nitrification, that is an aerobic process but 
when the supply of O2 is limited by diffusional constraints the nitrifying bacteria can 
use nitrite as an electron acceptor and reduce it to NO and N2O (Poth and Focht 1985; 
Bollmann and Conrad 1998). 
The rate of N2O production typically increases with temperature and with the 
rate of N cycling through an ecosystem, although this can vary tremendously since the 
availability of N, oxygen, and organic C affect microbial activity (Davidson et al. 
2000). Globally, the concentration of atmospheric N2O has increased rapidly over the 
past 150 years, in direct association with N enrichment of the biosphere through the 
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use of synthetic fertilizers and manure production by livestock (Davidson 2009). 
 
1.2.3 Methane (CH4) 
Methane (CH4) is equally important because its global warming potentials are 
25 times higher than that of CO2 (IPCC 2007). CH4 has increased as a result of human 
activities related to agriculture, natural gas distribution and landfills. CH4 is also 
released from natural processes that occur, for example, in wetlands. CH4 is formed in 
soils by the microbial breakdown of organic compounds in strictly anaerobic 
conditions, at a very low redox potential. Production of CH4 does not begin until 
reduction of molecular oxygen, nitrate, iron, manganese and sulphate (all of which 
maintain a higher potential) is complete (Ponnamperuma 1972). Such low redox 
conditions usually require prolonged waterlogging, as is common in natural wetlands 
and flooded rice fields, as well as in lake sediments.  
 
1.3 Nitrogen deposition and greenhouse gases  
Alongside industrialization and rising emissions of nitrogen oxide (NO) from 
fossil fuel burning, the intensification of agriculture and associated ammonia (NH3) 
emissions has led to a three to five fold increase in Nr emissions over the last century 
(Denman et al. 2007). Global NO and NH3 emissions are mainly terrestrial in origin 
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and in 2000 stood at 52.1 and 64.6 Tg N yr–1 respectively (Dentener et al. 2006). In 
the atmosphere, NO may be converted to a number of other oxides of nitrogen 
(denoted collectively as NOy), and NH3 to NH4 (denoted as NHx), which are then 
deposited over the land and oceans. Much of this is thought to be deposited on 
terrestrial ecosystems, with between 30 and 50% of NOy and around 40% of NHx 
deposited on the open ocean and on coastal zones (Lamarque et al. 2005; Dentener et 
al. 2006). Both NO and NH3 emissions are predicted to increase still further in many 
regions during the twenty-first century (Galloway et al. 2004; Lamarque et al. 2005; 
Dentener et al. 2006). Under the assumed IPCC SRES A2 emissions storyline, 
worldwide Nr deposition will increase by between 50 and 100% by 2030 relative to 
2000, with the largest absolute increases occurring over East and South Asia. 
Total nitrogen deposition includes both wet and dry deposition. Dry deposition 
refers to the deposition rate of nitrogen as a gas or aerosol (for example, NO2, HNO3, 
NH3) in a dry atmosphere, a process that depends on the surface and aerodynamic 
resistances. It is therefore dependent on how the gas species reacts with the surface 
itself (HNO3 is highly reactive and has a surface resistance of near-zero), the 
roughness of the surface and the wind speed. Dry deposition can thus be estimated if 
the are known. However, deposition of larger aerosols may also occur by 
sedimentation and impaction. Wet deposition involves the scavenging of pollutants by 
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droplets of water, which are then deposited to the vegetation, soil or water surface as 
rain or mist. The ratio of wet to total deposition varies markedly over Europe, but is 
usually between 1:2 and 1:2.5 (Reay et al. 2008).  
Nitrogen inputs from atmospheric deposition can affect atmospheric CO2 
concentrations by enhancing CO2 uptake by plants and by reducing CO2 release from 
soils by decomposition. When N is deposited on terrestrial ecosystems, it often 
stimulates plant growth, removing CO2 from the atmosphere. Rising CO2 
concentrations can also stimulate plant growth, whereas increasing O3 concentrations 
often slow plant growth. N deposition not only affects plant growth but can 
sometimes slow soil decomposition and release of CO2 to the atmosphere (Templer et 
al. 2012). In the available reports, N deposition in soils has shown variable effects on 
soil CO2 emissions, including an increase (Brumme and Beese 1992), a decrease 
(Janssens et al. 2010) and remaining unchanged (Micks et al. 2004), but the 
controlling factors are still not clear.  
Increased N deposition typically increases microbial production of N2O by 
enhancing N availability through both nitrification and denitrification in a range of 
aerobic and anaerobic soils (Bowden et al. 1991; Butterbach-Bahl et al. 1997). Most 
estimates of N2O emissions induced by N deposition have been extrapolated from 
measurements of N2O loss from N-addition experiments (Templer et al. 2012). 
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Although most estimates suggest that the enhancement of N2O emissions from soils 
due to N deposition is minor, there are considerable uncertainties that require further 
investigation.  
N deposition can slow CH4 uptake by microbes in aerobic soils and has 
variable effects on CH4 production by microbes in wetland soils. Increased NOx 
increases photochemical oxidation of CH4, which is the largest CH4 removal process, 
accounting for 88% of the total CH4 sink (Boucher et al. 2009). In soils, N enrichment 
with ammonium (NH4
+) can slow the consumption of atmospheric CH4 by aerobic 
soil microbes, which favor consumption of NH4
+ rather than CH4 when NH4
+ becomes 
abundant (Steudler et al. 1989; Aronson and Helliker 2010). In wetlands, N 
enrichment can enhance CH4 production by increasing the supply of organic C to 
CH4-producing microbes; but N additions can also slow microbial production of CH4 
because microbes gain more energy with metabolic pathways that consume nitrate 
(NO3
–) than those that produce CH4. However, the effects of N additions on net CH4 
emissions from soils and wetlands tend to be very small relative to the effects of N 
additions on C sinks and N2O production (Liu and Greaver 2009). 
 
1.4 Land-use type and greenhouse gases 
Land-use and land-cover change (LULCC; also known as land change) is a 
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general term for the human modification of Earth's terrestrial surface. Land-cover 
refers to the physical and biological cover over the surface of land, including water, 
vegetation, bare soil, and/or artificial structures (Meyer and Turner 1994). Land-use is 
a more complicated term. Natural scientists define land use in terms of syndromes of 
human activities such as agriculture; forestry and building construction that alter land 
surface processes including biogeochemistry, hydrology and biodiversity. Social 
scientists and land managers define land use more broadly to include the social and 
economic purposes and contexts for and within which lands are managed (or left 
unmanaged), such as subsistence versus commercial agriculture, rented vs. owned, or 
private vs. public land. These changes encompass the greatest environmental concerns 
of human populations today, including climate change, biodiversity loss and the 
pollution of water, soils and air (Ellis 2013).  
LULCC plays a major role in climate change at global, regional and local 
scales. At global scale, LULCC is responsible for releasing greenhouse gases to the 
atmosphere, thereby driving global warming. LULCC can increase the release of CO2 
to the atmosphere by disturbance of terrestrial soils and vegetation, and the major 
driver of this change is deforestation, especially when followed by agriculture, which 
causes the further release of soil carbon in response to disturbance by tillage 
(Ruddiman 2003). Changes in land use and land cover are also behind major changes 
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in terrestrial emissions of other GHGs, especially CH4 (altered surface hydrology: 
wetland drainage and rice paddies; cattle grazing), and N2O (agriculture: input of 
inorganic nitrogen fertilizers; irrigation; cultivation of nitrogen fixing plants; biomass 
combustion) (Ellis 2013). 
The character of the environment has been largely dictated by the uses to 
which humans have put the land. Scientists estimate that between one-third and one-
half of our planet’s land surfaces have been transformed by human development 
(NASA news feature 2005). Land-use and land use change have been recognized as 
significant, if not primary, contributors to global climate change and GHGs emissions 
(IPCC 2007). Almost 45 % of global greenhouse gas emissions come from land use. 
Changing land-use types and associated management practices via changing 
land-cover (e.g. plant species) or agricultural activities (e.g. fertilizer, weeding) can 
have significant and long-lasting effects on soil pH, soil carbon and nitrogen contents, 
and soil microbial activities (Post and Mann 1990; Murty et al. 2002), and 
consequently can have a significant impact on GHG emission from the soil (Iqbal et 
al. 2008). For example, some of the important factors affect GHGs fluxes, including 
soil temperature (Rustad et al. 2001), soil moisture (Inubushi et al. 2003), the 
aboveground plant biomass (Raich and Schlesinger 1992), soil microbial biomass 
(SMB) (Singh et al. 2008), and soil total C/N ratio (C/N ratio) (Xu et al. 2008). It has 
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been observed that temperature increasing can increase the decomposition rate of soil 
organic carbon (SOC) (Powlson 2005). SOC return to the atmosphere as CO2 via 
respiration, as soil organisms use organic materials as a source of energy and nutrients 
(Baldock et al. 2012). SMB, including microbial biomass C (MBC) and N (MBN), 
could be an early indicator of the changes in soil properties (Brookes et al. 1995). 
Moreover, SMB is the main driving force in the decomposition of organic materials 
(Jenkinson and Ladd 1981). Change of land use type can substantially alter the 
dynamics of soil properties and soil organic carbon, ultimately affecting the emissions 
of GHGs (Merino et al. 2004). 
 
1.5 The objectives of studies 
The objectives of this study were to investigate GHG production as affected 
by land-use types and N inputs together under aerobic experimental conditions and to 
find factors influencing the response of N2O and CO2 to these treatments. This study 
was conducted using soils exposed to three land-use types (apple orchard subjected to 
intensive agriculture, non-agricultural grassland, and unmanaged deciduous broad-
leaved forest) located adjacent to each other to eliminate confounding effects such as 
climatic conditions and soil types. 
2 To investigate the dynamics of GHGs fluxes and soil C/N cycle as affected by 
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land-use types and N inputs together under the fields and aerobic experimental 
conditions. 
3 To find out the factors influencing GHGs fluxes and correlations between GHGs 
fluxes and soil physical, chemical and microbial properties. 
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Chapter 2 
CO2, N2O and CH4 production/consumption potentials of soils 
under different land-use types in central Japan and eastern Hungary 
2.1 Abstract 
The production/consumption of greenhouse gases (GHGs) in soils are of great 
importance in global warming, but the involved soil physico-chemical and biological 
characteristics affecting GHGs production and consumption potentials are poorly 
understood in different land use types. CO2, N2O and CH4 production/consumption 
potentials from four land use types and ten soil types in central Japan and eastern 
Hungary, and their relationships with soil characteristics were investigated. The average 
of CO2 production in Japanese soils was significantly higher than that of Hungarian 
soils due to the relatively higher MBC content. N2O production from both countries’ 
soils did not exhibit a significant difference. Most of soils except Japanese paddy and 
soybean soils showed the potentials for CH4 consumption. Forest and grassland soils 
had relatively higher CO2 and N2O production than orchard and cropland soils for both 
countries. From regression analyses, it could be concluded that soil TN and NH4
+
-N 
account for 40.8% and 25.5% variations of the soils’ CO2 and N2O productions, 
respectively. The CH4 consumption was positively correlated with soil C/N ratio, while 
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soil MBC availability could account for 15% variation of CH4 consumption under the 
aerobic conditions. 
 
2.2 Introduction 
Different regional climate may have great impacts on soil properties and GHGs 
fluxes. So that it has a very important significance to study the GHGs fluxes from 
different soils. We selected some Japanese and Hungarian soils with various ecological 
conditions and soil types but similar land use types, that is, forest, grassland, orchard 
and croplands, as the research objects. These soils were incubated under the aerobic 
laboratory conditions to compare the production/consumption potentials of CO2, N2O, 
and CH4, as well as soil properties. 
The study of this chapter aims to investigate major factors affecting GHGs 
production/consumption potential, including land use types, ecological conditions, as 
well as the corresponding soil physico-chemical and biological characteristics.  
 
2.3 Materials and methods 
2.3.1 Study area and soil sampling 
Seven sampling sites were selected at central Japan (34°49'~36°36' N, 
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139°00'~54' E, Fig. 2.1) and eight sites from eastern Hungary (47°55'~48°12' N, 
21°23'~67' E). Most of Japanese soils were Andosols (Table 2.1) that covered about half 
of the cultivated upland area in Japan (Inubushi et al. 2005). From south to north of 
Japan, the selected sites were: Atagawa evergreen broad leaf forest (JA-F), Atagawa 
orange orchard (JA-O), Kujuukuri rice croplands (JK-C), Matsudo soybean croplands 
(JM-C), Numata mixed forest (JN-F), Numata grassland (JN-G), and Numata apple 
orchard (JN-O). Atagawa is located in subtropical region, having rainy and wet summer, 
and sunny dry winter (Inubushi et al. 2002). Numata is located in temperate region, 
having cool summer and large amount of snow in winter. 
Sampling sites at Hungary (Fig. 2.2) located at different places such as Látókép 
maize croplands without fertilizer (HL-C1) and with fertilizer (HL-C2), Hortobágy 
grassland (HH-G), Pallag apple orchard (HP-O), Dombostanya grassland (HD-G), 
Görbeháza maize croplands without fertilizer (HG-C1) and with fertilizer (HG-C2), and 
Tokaj forest (HT-F). Sampling sites is characterized with a continental climate, with 
cold winter and warm to hot summer (-15 to 0 °C in winter and 27 to 35 °C in summer). 
Details of soil sampling sites are given in Table 2.1. 
Soil samples (0-15cm depth) were collected from above sites in triplicate during 
October 15th to 28th, 2010. The randomly collected soil samples at each sampling sites, 
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after removal of plant debris, were mixed together to remove the effect of spatial 
heterogeneity. Soil samples were sieved through 2-mm mesh, and then pre-incubated at 
25°C for 72h prior to subsequent analyses. 
 
2.3.2 Analyses of soil properties 
Soil moisture content was determined gravimetrically by drying the soil at 
105°C for 24 h. Soil pH was measured in water suspensions (soil/water, 1/2.5, w/w) 
with a glass electrode (D-52, Horiba Ltd., Japan). In addition, electrical conductivity 
(EC) (soil/water, 1/5, w/w) was determined by a CM-14P EC meter (TOA Electronic 
Ltd., Japan). Soil total carbon (TC) and total nitrogen (TN) were measured after 
combustion using a CN analyzer (MT-700, Yanaco Analytical Instruments Co., Kyoto, 
Japan). For soil inorganic N (SIN) measurements, 10 g fresh soil samples were 
extracted with 50 mL of 1 mol L–1 potassium chloride (KCl). Soil nitrate-N (NO3
–
-N), 
ammonium-N (NH4
+
-N) and nitrite-N (NO2
–
-N) concentrations were then analyzed 
colorimetrically, using a spectrophotometer (UV-1200V, Shimadzu Co., Kyoto, Japan), 
by the hydrazine reduction method (Kamphake et al. 1967; Hayashi et al. 1997), 
Berthelot reaction (salicylate–nitroprusside–hypochlorite method, Searle 1984; 
Anderson and Ingram 1993), and sulfanilamide-naphthyl ethylenediamine photometric 
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method, respectively (Bremner 1965).  
Soluble organic carbon (SOC) and soluble nitrogen (SN) were extracted from a 
fresh soil sample of ca. 10 g with 50 mL of 0.5 mol L–1 potassium sulfate (K2SO4). 
Concentrations of SOC and SN were then determined using a TOC analyzer (TOC-
5000, Shimadzu Co.), and the hydrazine reduction method (Kamphake et al. 1967; 
Hayashi et al. 1997) following alkaline persulfate oxidation (Cabrera and Beare 1993), 
respectively.  
Soil microbial biomass carbon (MBC) and nitrogen (MBN) were determined by 
the chloroform fumigation-extraction method (Brookes et al. 1985; Vance et al. 1987). 
Before the analysis of soil MBC and MBN, the soils were pre-incubated at 25°C for 72h 
in an incubator to stabilize microbial activities (Vance et al. 1987). Contents of organic 
C and both organic and inorganic N in the fumigated and unfumigated soils were 
determined by the method described above for SOC and SN. A factor of 2.22 was used 
as efficiencies of both microbial biomass C and N extractions (Jenkinson et al. 2004).   
 
2.3.3 GHGs production/consumption potentials 
To determine the potentials of soil GHGs production/consumption, 10-g fresh 
soil in a 100-ml glass bottle, which sealed with a rubber cap, was incubated at 25°C for 
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4 weeks in three replicates. In order to reduce the impact of air circulate on the micro-
environmental conditions in the bottle, and also to determine the maximum capacity of 
GHGs production/consumption potentials, the bottle was sealed during the whole week. 
The amount of CO2, N2O and CH4 produced/consumed from soils in the bottle was 
quantified for three times during one week to check the linear increasing curve of GHGs 
production/consumption. Meanwhile, the largest value in the 7th day was used to 
calculate the cumulative GHGs production/consumption potentials. Air samples from an 
empty glass bottle that was incubated in the same conditions were also taken as control 
to calculate soil GHGs production/consumption potentials. After each weekly 
measurement, the bottle was reopened for 3 hours to fresh all air within the bottle. 
Cumulative GHGs production/consumption potentials were calculated as the sum of 
produced CO2, N2O, and consumed CH4 in each week. The concentrations of CO2, N2O, 
and CH4 were measured using gas chromatographs (GC-14B, Shimadzu Co., Japan) 
equipped with thermal conductivity detector, electron capture detector and flame 
ionization detector, respectively.  
 
2.3.4 Statistical analysis 
Multivariate analysis of variance (MANOVA) was used in order to determine 
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the effect of land use and soil types. Tukey’s HSD test (at p< 0.05) was applied for 
differences in the mean values. Single and stepwise multiple regression analyses were 
conducted to generate equations that could explain the variations in cumulative GHGs 
production/consumption potentials. All the analyses were performed by SPSS statics 20 
(IBM, New York, USA). 
 
2.4 Results and Discussion 
2.4.1 Production potential of CO2 
Most of the Japanese soils produced more CO2 compared to Hungarian soils (p< 
0.05) with the average of 585 and 379 mg kg-1 dry soil, respectively (Fig. 2.3a). In this 
study, soil SOC and MBC contents in most of Japanese soils were about 3 and 5.5 times 
higher than Hungarian soils, respectively (Table 2.2). Higher CO2production in the 
Japanese soils was probably due to the higher soil SOC and MBC contents (Table 2.2). 
Furthermore, the cumulative CO2 production of both countries’ soils showed a positive 
correlation with soil MBC (Table 2.3 #3 and #7). This was in consistent with the 
findings of Iqbal et al. (2010), where positive significant correlation between soil CO2 
flux and MBC was also observed. Positive correlations between soil NO2
-
-N, MBN and 
cumulative CO2 production were also observed in Japanese soils (Table 2.3 #1 and #2). 
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During nitrification, residual NO2
-
-N appeared and could induce the nitrifier population 
particularly nitrite-oxidizing bacteria that preferentially grew where NO2
-
-N was 
adsorbed as primary substrate (Venterea and Rolston 2000), and with the release of CO2 
in the reaction. However, it’s still not clear why the correlations only observed in 
Japanese soils, furthermore research are needed. Cumulative CO2 production of 
Hungarian soils showed positive correlations with soil NH4
+
-N and TN (Table 2.3 #5 
and #6). Presence of soil NH4
+
-N can enhance microbial activity, and then probably 
increasing microbial respiration, accompany by the increase of CO2 production. From 
stepwise regression analysis, soil TN exhibited a significant effect on the production of 
CO2 from all soils, which could be explaining 40.8% variance (Table 2.3 #14). 
 
2.4.2 Production potential of N2O 
Cumulative N2O production potential of the both countries’ soils had no 
significant difference, with the average of 9.4 and 10.4 μg kg-1 dry soil, respectively 
(Fig. 2.3b). The cumulative N2O production of Japanese soils had no correlation with 
the selected soil properties, but significant positive correlations were observed with soil 
NH4
+
-N, MBC, and TN for Hungarian soils (Table 2.3 #8, #9, and #10). Moreover, The 
stepwise multiple regression analysis in the present study exhibit that NH4
+
-N 
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concentration in soil was the key contributing factor to N2O production, accounting for 
25.5% variation (Table 2.3 #15). Nevertheless, soil NO3
-
-N concentration was found as 
a determined factor influencing on N2O flux major through the denitrification process 
from a subtropical mangrove swamp (Chen et al. 2012). Probably, in the present study, 
nitrification was the major process for N2O production in aerobic conditions (Wrageet 
al. 2001). Elevated temperature is known to increase net N mineralization that causes 
the increase in N2O production (Rustad et al. 2001; Xu and Inubushi 2009). Nitrifier 
activity has been observed higher in neutral to alkaline environments (Bååth and 
Anderson 2003), thus increasing nitrification rates and N2O production. Coupling of the 
two factors such as acidic nature of soils and higher temperature in Japanese soils 
(Table 2.1), and neutral to alkaline and cooler environments in Hungarian soils (Table 
2.2), could explain that the cumulative N2O production of the two countries’ soils 
showed no significant difference (Fig. 2.3b). Furthermore, there was a significant 
correlation between CO2 and N2O production (Table 2.3 #11) in Hungarian soils that 
was in agreement with the result of others’ study (Liu et al. 2008; Chen et al. 2012).  
 
2.4.3 Consumption potential of CH4 
Most of soils consumed atmospheric CH4 during the incubation period, except 
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for Japanese paddy (JK-C) and soybean (JM-C) soils. In addition, the other five 
Japanese soils uptake more atmospheric CH4 than Hungarian soils (p< 0.05) (Fig. 2.3c). 
CH4 uptake was strongly controlled by the physical diffusion, which was mainly 
regulated by the soil texture and water content (King 1997; Carter et al. 2011). Land-use 
type should be also giving more attention, for paddy soil (JK-C) producing more CH4 as 
their conditions favored the methanogenic process (Singh et al. 2012). Cumulative CH4 
consumption had a positive correlation with the C/N ratio in both countries’ soils (Table 
2.3 #4 and #12), while had a negative correlation with soil MBC availability (MBC/TC) 
(Table 2.3 #16), which was in good agreement with the result of others’ studies (Xu et 
al. 2008; Kato et al. 2011). It probably indicated that the higher soil C/N, the more C 
was mineralized and N immobilized to stimulate CH4 oxidation. However, the specific 
reaction mechanism was not clear at present, further research would be needed. From 
stepwise regression analysis, soil TC, SOC and MBC/TC account for 31.3 %, 24.7%, 
and 15.1% variations of CH4 consumption, respectively (Table 2.3 #16). 
 
2.4.4 Effect of land use type on soil GHGs production/consumption potentials 
In this chapter study, most of Japanese soils had higher amounts of soil moisture 
content (Table 2.1), TC, TN, MBC, MBN, SOC, and inorganic N than Hungarian soils, 
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but the pH value of Hungarian soils was higher (Table 2.2). Soil temperature and 
moisture were known to markedly influence soil organic matter content and thus 
influencing soil SOC content and microbial respiration (Lang et al. 2011). From 
statistical analysis, cumulative CO2 and N2O production from grassland and forest were 
significantly higher than orchard and cropland in Japanese soils (p < 0.05) (Fig. 2.3a 
and 2.3b). Cumulative CO2 and N2O production from forest soils were significantly 
higher than grassland, orchard and cropland in Hungarian soils (p < 0.05) (Fig. 2.3a and 
2.3b). It may because of the relatively higher MBC in forest and grassland soils (Table 
2.2). Moreover, soil MBC and MBN contents tended to decrease from forest to 
grassland, orchard, and cropland in both countries. Land-use types via changing soil 
properties, including concentrations of TC, TN, SMB, and inorganic N, had great 
impacts on GHGs fluxes from soils (Dobbie et al. 1996; Houghton 2002; Chen et al. 
2010). The present study recorded that land use types had significant effects on GHGs 
production/consumption potentials in both central Japan and eastern Hungary. The 
concentrations of soil MBC and TN via affecting microbial activity had important 
impacts on CO2 production. On the other hand, soil NH4
+
-N was as a controlling factor 
on N2O production in the aerobic soil incubation conditions. 
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2.5 Conclusions 
Land-use types through changing soil properties had large impacts on GHGs 
production and consumption potential. Forest and grassland had relatively higher CO2 
and N2O production potential in both Japanese and Hungarian soils. Cumulative CO2 
production and CH4 consumption in both countries’ soils showed a significant positive 
correlation with soil MBC and soil C/N ratio, respectively. The results indicated that 
soil properties induced from land use types under different climatic conditions can 
affect the soil GHGs production/consumption potential. 
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Table 2.1 Characteristics of soil sampling sites in Japan and Hungary 
 
 
JA-F 50.4
JA-O 38.5
Kujuukuri JK-C 16.2 1904 34.0
Matsudo JM-C 15.7 1687 36.6
JN-F 34.6
JN-G 25.5
JN-O 35.4
HL-C1 24.7
HL-C2 17.5
Hortobágy HH-G 10.5 890 25.8
Pallag HP-O 10.3 915 9.2
Dombostanya HD-G 10.3 915 16.4
HG-C1 18.0
HG-C2 24.9
Tokaj HT-F 9.9 995 21.9
 Mean
precipitation
(mm) **
Japan 
Atagawa
Forest
N34°50' E139°04' Andosols 16.5 2726
Location Land use
Sampling
code*
Latitude/Longitude
Soil classes
(FAO Taxonomy)
Numata
Forest
Orchard (orange)
Croplands (rice) N35°33' E140°26' Sand-dune Regosols
Mean
temperature
(°C) **
12.7 1479
Grassland
Orchard (apple)
Croplands (soybean) N35°47' E139°54' Light-colored Andosols
N36°36' E139°00' Humic Andosols
Hungary
Látókép
Croplands (maize) N47
o
55' E21
o
45' Chernozem
Orchard (apple) N47
o
59' E21
o
63' Arenosol
10.3 988
Croplands (maize)
Grassland N47
o
55' E21
o
30' Solonetz
Soil
moisture
(%)
*: The selected sites belonging to Japan are: Atagawa evergreen broad leaf forest (JA-F), Atagawa orange orchard (JA-O), Kujuukuri rice croplands (JK-
C), Matsudo soybean croplands (JM-C), Numata mixed forest (JN-F), Numata grassland (JN-G), and Numata apple orchard (JN-O). The selected sites
belonging to Hungary are: Lá tóké p maize croplands without fertilizer (HL-C1) and with fertilizer (HL-C2), Hortobágy grassland (HH-G), Pallag apple
orchard (HP-O), Dombostanya grassland (HD-G), Görbeháza maize croplands without fertilizer (HG-C1) and with fertilizer (HG-C2), and Tokaj forest (HT-
F). **: Data come from Japanese and Hungarian Meteorological Agencies of 2010.
10.2 950
Croplands (maize)
Forest N48
o
12' E21
o
38' Rendzina
Grassland N47
o
59' E21
o
67' Fluvisol
Görbeháza 
Croplands (maize) N47
o
81' E21
o
23' Vertisol
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Table 2.2 Chemical and microbial properties of Japanese and Hungarian soils 
 
Total C Total N MBC MBN SOC NO3
-
-N NH4
+
-N NO2
-
-N
JA-F 5.6 0.13 133 a 9.0 a 14.8 b 1862 a 188 a 454 b 25.1 a 1.24 a 0.71 1.4
JN-F 5.8 0.08 94 b 7.2 b 13.1 d 625 c 26 cdefg 371 c 5.36 d 0.85 abcd 0.56 1.2
JN-G 5.8 0.10 91 c 7.3 b 12.5 e 594 c 91 b 125 e 10.16 c 0.59 de 0.71 3.2
JA-O 5.9 0.11 70 d 5.5 c 12.6 e 807 b 89 b 206 d 2.31 e 0.82 bcd 0.94 0.6
JN-O 5.4 0.08 63 e 5.1 d 12.3 e 207 ef 9 fg 228 d 7.09 d 0.65 cde 0.32 0.7
JK-C 5.9 0.07 9 i 0.9 j 10.1 j 291de 37 cde 49 f 6.61 d 0.45 de 0.21 0.7
JM-C 5.2 0.13 40 f 3.8 e 10.7 i 252 de 27 cdefg 697 a 16.4 b 1.00 abc 0.36 0.3
HT-F 6.3 0.07 61 e 5.3 d 11.7 f 305 d 39 cd 150 e 5.79 d 1.21 ab - 0.4
HH-G 8.2 0.55 17 h 1.6  i 10.7 hi 132 fg 45 c 55 f 14.26 b 0.50 de 1.51 0.2
HD-G 7.4 0.19 69 d 3.5 f 20.0 a 129 fg 47 c 225 d 7.78 cd 0.55 de - 0.8
HP-O 8.6 0.06 6 j 0.6 k 9.5 k 84 gh 14 efg 47 f 1.79 e 0.37 e 0.10 1.5
HL-C1 6.3 0.04 18 h 1.6 i 11.1 gh 79 gh 16 defg 40 f 0.85 e 0.47 de 0.08 0.2
HL-C2 6.4 0.03 16  h 1.4 i 11.1 g 26 h 4 g 58 f 0.84 e 0.39 e - 0.3
HG-C1 7.5 0.08 39 f 2.9 g 13.6 c  121 fg 19 defg 64 f 0.67 e 0.39 e 0.45 0.2
HG-C2 7.4 0.17 35 g 2.5 h 13.9 c 85 gh 29 cdef 132 e 1.37 e 0.48 de 0.24 0.5
MBC/TC  (%)pH (H2O)
(μg g-1 dws)
Sampling code* EC (d S m
-1
) C/N
(mg g
-1
 dws)
Means within a column followed by the same letter do not differ significantly by the Tukey’s HSD test (p <0.05, n = 3).
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Table 2.3 Multiple regression models for the relationship between cumulative GHG 
production/consumption (Y) and soil properties (X) 
 
 
 
 
 
 
 
 
 
Countries #
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
#16
Hungary (n  = 8) Y1 = 1750.3 X2 － 574.0 0.942 < 0.001
Y2 = 0.018 Y1  + 3.4
Y1 = 0.435 X3 + 296.9
Y3 = 31.48 X10－ 355.8 0.510 0.043
Y1 = 291.0 X7  － 321.1 0.699 0.006
Y2 = 32.7 X2－7.4 0.936 < 0.001
0.877 < 0.001Y1 = 5.663 X3－ 301
Equations Adjusted R
2 p
Japan (n  = 7) Y1 = 1130.0 X1－32.0 0.86 0.002
Y1 = 4.3 X4 + 298.2 0.666 0.016
0.0350.548
Y1 , cumulative CO2 production; Y2 , cumulative N2O production; Y3 , cumulative CH4 consumption; X1 , NO2
-
-N;
X2 , NH4
+
-N; X3 , microbial biomass C (MBC); X4 , microbial biomass N (MBN); X5 , soluble organic C (SOC);
X6 , total C (TC); X7 , total N (TN); X8 , soil water content; X9 , the ratio of MBC to TC; X10 , soil C:N ratio. From
#1 to #13 are analyzed by single regression method. #14, #15, and #16 are analyzed by stepwise regression method.
Japan and Hugary
(n  = 15）
Y1 = 108.9 X7 + 55.01 0.408  0.006
Y2 = 13.64X2 + 0.867 0.255 0.032
Y3 = 1.137 X6 － 0.169 X5  －22 X9 + 26.2 0.811 < 0.001
0.958 < 0.001
Y3 = 3.3 X8 － 31.2 0.477 0.035
0.609 0.014Y3 = 6.262 X10 －44.98
Y2 = 0.102 X3  －1.9 0.803 0.002
Y2 = 5.1 X7－2.0 0.605 0.014
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Figure  2.1 Map of Japanese soil sampling sites. 
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Figure 2.2 Map of Hungarian soil sampling sites. 
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Figure 2.3 Soil cumulative CO2 (a), N2O production (b), and CH4 consumption (c) during 28 
days of incubation. Different lowercase letters meant significant difference at p< 0.05 
levels in each soil. Different capital letters meant significant difference at p< 0.05 levels 
between the average value of Japanese and Hungarian soils. J-ave.7 and J-ave.5 
represent the average of the Japanese 7 soils and the Japanese 5 soils excepting for JK-C 
and JM-C. H-ave.8 represents the average of Hungarian 8 soil samples. The error bars 
indicate the standard deviation of the three replications. See Table 2.1 for the other 
abbreviation symbols. 
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Chapter 3 
Effects of land-use type and N addition on 
N2O and CO2 production potentials under aerobic conditions 
3.1 Abstract 
Land-use type and N addition strongly affect N2O and CO2 production, but the 
impacts of their interaction and the controlling factors remain unclear. The aim of this 
study was to evaluate the effect of both factors simultaneously on N2O and CO2 
production and associated soil chemical and biological properties. Surface soils (0–10 
cm) from three adjacent lands (apple orchard, grassland, and deciduous broad-leaved 
forest) in central Japan were selected and incubated aerobically for 12 weeks with 
addition of 0, 30 or 150 kg N ha–1 yr–1. Land-use type had a significant (p < 0.001) 
impact on the cumulative N2O and CO2 production. Soils from the apple orchard had 
higher N2O and CO2 production potentials than those from the grassland and forest 
soils. Soil net N mineralization rate had a positive correlation with both soil N2O and 
CO2 production rates. Furthermore, the N2O production rate was positively correlated 
with the CO2 production rate. In the soils with no N addition, the dominant soil 
properties influencing N2O production were found to be the ammonium-N content and 
the ratio of soil microbial biomass carbon to nitrogen (MBC/MBN), while those for 
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CO2 production were the content of nitrate-N and soluble organic C. N2O production 
increased with the increase in added N doses for three land-use types and depended on 
the status of the initial soil available N. The effect of N addition on CO2 production 
varied with land use type; with the increase of N addition doses, it decreased for the 
apple orchard and forest soils but increased for the grassland soils. This difference 
might be due to the differences in microbial flora as indicated by the MBC/MBN ratio. 
Soil N mineralization was the major process controlling N2O and CO2 production in the 
examined soils under aerobic incubation conditions. 
 
3.2 Introduction 
Generally, forest soils have a large amount of annual soil organic matter (SOM) 
input. Grassland soils, affected by weeding or grazing, have a small amount of SOM. 
Orchard soils under long-term fertilization have a large amount of soil nutrients. 
Numerous studies have shown that land-use type is a critical controlling factor for GHG 
fluxes (Lang et al. 2011; Lin et al. 2010). However, the majority of previous studies, 
determining the fluxes of N2O and CO2 emissions from soils, are usually based on 
single location studies with one land use type, such as paddy (Singla and Inubushi 
2013), upland (Nagano et al. 2012), or forest soils (Kim et al. 2012). Thus, comparisons 
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based on observations from adjacent ecosystems with different land management under 
the same climate and soil conditions, can provide a more robust understanding of the 
specific effects of land-use types on GHG production. 
On the other hand, the increasing N deposition has become a big environmental 
issue over the last century. The total annual N deposition at 12 monitoring sites 
throughout Japan ranged from 3.1 to 18.2 kg N ha–1 yr–1 during 2003–2007 (Japanese 
Ministry of the Environment 2009). Understanding soil respiration under an N-abundant 
environment is critical because relatively small changes in respiration rates may 
dramatically alter atmospheric concentrations of CO2 as well as rates of soil C 
sequestration (Bowden et al. 2004). So that the objectives of this chapter were to 
investigate GHG production as affected by land-use types and N inputs together under 
aerobic experimental conditions and to find factors influencing the response of N2O and 
CO2 to these treatments. This study was conducted using soils exposed to three land-use 
types (apple orchard subjected to intensive agriculture, non-agricultural grassland, and 
unmanaged deciduous broad-leaved forest) located adjacent to each other to eliminate 
confounding effects such as climatic conditions and soil types. 
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3.3 Material and methods 
3.3.1. Study site and soil sampling 
Soils (0–10 cm) were collected from the Environmental Horticulture and 
Forestry Experimental Farm of Chiba University (36°36'N, 139°00'E, 780–810 m a.s.l., 
Fig. 3.1), Gunma Prefecture, Central Japan in May 2011. The mean annual temperature 
and precipitation in this area from 2007 to 2011 were 12.2°C and 1,244 mm (Japan 
Meteorological Agency 2012).  
Three adjacent lands (apple orchard, grassland, and deciduous broad-leaved 
forest: hereafter referred to as A, G and F, respectively) were selected as soil sampling 
sites. The A soil was treated with orchard fertilizer containing 12% N, 10% K, 6% P, 3% 
Mg and 0.4% B at ca. 400 kg ha–1 once a year at the end of April (JA Higashinihon 
Kumiai Shiryou Ltd., Gunma, Japan). Weeding under the apple trees in A and the G 
treatment was done once a month during the growing season. The F soil, which was 
unmanaged, was dominated by Quercusserrata, Castaneacrenata, and Magnolia 
obovata. Soils in the three lands were classified as Andosols (FAO/UNESCO Soil 
Taxonomy), which is the dominant surface soil in upland regions of Japan (Wada 1986). 
Collected soils were sieved to 2 mm to remove pebbles and plant debris. 
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3.3.2. Analysis of chemical and microbial properties of soils 
The measuring methods for soil pH, EC, TC, TNNO3
–
-N, NH4
+
-N, SOC, SN, 
MBC and MBN were the same with 2.3.2 of Chapter 2.  
 
3.3.3. Determination of N2O and CO2 production rates and N mineralization rate 
of soils 
A laboratory incubation experiment was conducted to evaluate the effects of N 
addition on N2O and CO2 production potentials simultaneously in the three land-use 
types. Soils from each land-use type were treated without N addition (N0), with 3.3 mg 
N kg–1 d.s. 4 weeks–1 (equivalent to 30 kg N ha–1 yr–1) (N30), and with 16.5 mg N kg–1 
d.s. 4 weeks–1 (equivalent to 150 kg N ha–1 yr–1) (N150). The ammonium nitrate 
(NH4NO3) solution was supplemented as a N source and it was applied equally in three 
split doses to simulate repeating N deposition in the fields with an interval of four 
weeks. The amounts of N applied in this study were about 3 and 15 times higher than 
the annual N deposition based on the bulk precipitation 30 km away east of the 
sampling sites (Ohrui and Mitchell 1997). 
Prior to incubation, the water-holding capacities of each soil were adjusted to 
60%. A 15-g sample of each soil was transferred into a 100-mL glass bottle with nine 
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replicates, and then all bottles were sealed with butyl rubber stoppers and incubated at 
25°C in the dark for 12 weeks. Production rates of N2O and CO2 were measured weekly, 
and the stopper was removed from the bottle for 3h ventilation after each gas sampling. 
After four weeks incubation, three bottles were used to determine various soil 
properties, and then the remaining six replicates had the same doses of NH4NO3 added, 
and further incubated in the same conditions. Three replicates among the six were used 
for the measurement of soil properties at the end of eight weeks’ incubation. After this, 
the last three replicates were again treated with the same doses of NH4NO3 and kept in 
the same incubated conditions for measurements of GHG productions and soil 
properties.  
Concentrations of N2O and CO2 were measured using gas chromatographs (GC-
14B, Shimadzu Co.) equipped with an electron capture detector and thermal 
conductivity detector, respectively. Cumulative GHG production was calculated as the 
sum of the GHG production rate from each week. The amounts of net N mineralization 
(NM) and net N mineralization rate (NMr) was determined respectively using the 
following equations:  
NM = SIN at the end of incubation – (SIN at the start + N-addition).  
NMr = NM/incubation days.  
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3.3.4. Statistical analysis 
The effects of land-use type and N treatment on the cumulative N2O and CO2 
production potentials were examined using the multivariate analysis of variance 
(MANOVA). Tukey’s HSD test was used to identify differences among means, and 
Pearson’s correlation was applied to examine the relationships between the cumulative 
GHG productions and soil properties. Stepwise multiple regression analysis was 
conducted to find out the main factors influencing cumulative N2O and CO2 production 
potentials. All statistical analyses were performed using SPSS Statistics 20 (IBM, New 
York, USA). 
 
3.4 Results 
3.4.1. Production rates of N2O and CO2 in soils 
In the A soils, the temporal pattern of the N2O production rate was characterized 
by the highest rate during the first week, decreased gradually to week 6, and then 
remained nearly constant during weeks 7–12 (Fig. 3.2a). The N2O production rate in G 
and F soils fluctuated and remained nearly constant during the whole incubation period, 
except for G N150 during week 1–4 as well as F N150 in the first week (Figs. 3.2b and 
c).  
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The production rate of CO2 in the A soils was relatively high during week 1–6, 
after which it decreased and remained stable from week 7–12 (Fig. 3.2d). The CO2 
production for the G and F soils reached the highest rate during week 1 and then 
decreased gradually through week 12 (Figs. 3.2e and f). The CO2 production rate tended 
to decrease with increasing N for the A and F soils (Figs. 3.2d and f), while it tended to 
increase for the G soils (Fig. 3.2e). 
 
3.4.2. Cumulative production potentials of N2O and CO2 in soils 
Land use types and N treatments had significant impacts on the cumulative 
production of N2O (p < 0.001) (Table 3.2 and Fig. 3.4a). In soils without N addition, the 
cumulative N2O production in the A soils (0.86 mg N2O-N kg
–1 d.s. 12 weeks–1) was 4.1 
and 3.3 times higher than those in the G soils (0.21 mg N2O-N kg
–1 d.s. 12 weeks–1) and 
the F soils (0.26 mg N2O-N kg
–1 d.s. 12 weeks–1), respectively (Fig. 3.4a). The 
cumulative production of N2O in all studied soils tended to increase with increasing N 
addition (Fig. 3.4a). The A soils significantly responded to N additions, being highest in 
the N150 treatment (p < 0.05) (Fig. 3.4a). 
Land use types also had a significant impact on the cumulative production of 
CO2 (p < 0.001) (Table 3.2 and Fig. 3.4b). In soils subjected to the N0 treatment, the 
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cumulative CO2 production of the A soils (3.3 g CO2-C kg
–1 d.s. 12 weeks–1) was 1.6 
and 1.3 times higher than that of the G soils (2.1 g CO2-C kg
–1 d.s. 12 weeks–1) and F 
soils (2.6 g CO2-C kg
–1 d.s. 12 weeks–1), respectively. On the other hand, N addition did 
not significantly affect the cumulative CO2 production throughout the 12-week 
incubation period (p > 0.05) (Fig. 3.4b). 
 
3.4.3. Relationships between N2O and CO2 production and soil properties 
Table 3.3 shows the Pearson correlation coefficients between cumulative N2O 
and CO2 production (N0 group), and some of the soil properties measured before 
incubation. Cumulative N2O and CO2 production exhibited a significant positive 
correlation with SIN, SN and EC and a negative correlation with soil pH and TC (Table 
3.3). The mean production rates of N2O and CO2 in each land-use type had a 
significantly positive correlation with the mean net N mineralization rate for all 
treatments (Figs. 3.5a and b). Furthermore, a positive correlation between CO2 and N2O 
production rate was detected (R2 = 0.692, p = 0.003, Fig. 3.5c), which is consistent with 
the study of Chen et al. (2012) that also observed a significant positive correlation 
between CO2 flux and N2O flux in situ. However, the key soil parameters affecting the 
both GHG productions were different. The stepwise multiple regression analyses 
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showed that among all measured soil parameters, the concentrations of NH4
+
-N and 
MBC/MBN ratio significantly affected N2O production, while significant parameters 
influencing the cumulative CO2 production were NO3
–
-N content and SOC. The 
regression models for the both cumulative productions were: N2O = 0.577 + 0.167 
NH4
+
-N – 0.025 MBC/MBN (R2 = 0.997, p < 0.001) and CO2 = 1.18 + 0.059 NO3
–
-N + 
0.003 SOC (R2 = 0.923, p < 0.001), respectively. 
 
3.5 Discussion 
3.5.1. Effect of land use types on production potentials of N2O and CO2 
In this chapter, a standardized incubation temperature (25°C) and soil moisture 
condition (water holding capacity 60%) was used. These are considered to be effective 
in reducing the masking effects of soil temperature and water conditions on N2O and 
CO2 production, enabling the effects of other soil factors to be determined (Gödde and 
Conrad 2000). The reason for the largest N2O production in orchard soils might be the 
high initial mineral N levels according to chronic fertilizer application in the fields, 
which is considered as a key factor influencing N2O emissions (Robertson et al. 2000; 
Mathieu et al. 2006). Land use types may directly alter soil properties, especially the 
biological properties (Merino et al. 2004), and thus indirectly affect GHG emission 
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(Ishizuka et al. 2002). In turn, the correlation analysis between the production of N2O 
and CO2, and the soil properties could become a carrier; this could indirectly reflect the 
impact of land-use types on N2O and CO2 emissions. For example, chronic fertilizer use 
in the orchard fields resulted in significant decreases of soil pH and TC but an increase 
in soil EC (Table 3.1). Inubushi et al. (1996) suggested that at 60% water-hold 
capacities, ~90% of N2O production was derived from nitrification. Hence, it was 
suggesting that nitrification, the oxidation of ammonium to nitrate, should be more 
dominant process of soil N2O production in the present study. The stepwise multiple 
regression analysis also indicated that NH4
+
-N concentration in soil was the key 
contributing factor, accounting for 98.3% variation to N2O production. Martikainen and 
De Boer (1993) suggested from an aerobic incubations study with forest soils, that N2O 
production associated with soil nitrification would decrease when the pH is increased 
from 4 to 6. We agreed with this point, and a negative correlation between soil pH and 
cumulative N2O production was observed among the three land-use types (Table 3.3). 
Under incubation conditions, soil CO2 emissions are mainly caused by microbial 
respiration (Janssens et al. 2001), which is primarily controlled by the supply of readily 
decomposable SOM (Rustad et al. 2000). Land-use type and management directly affect 
the concentrations of soil SOC and SN (Table 3.1), and consequently affect soil CO2 
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productions. The stepwise multiple regression analysis showed that soil NO3
–
-N and 
SOC content were the key contributing factors, accounting for 75.4% and 16.9% 
variations to CO2 production, respectively. 
Intensive soil management has led to a considerable increase in the rate of GHG 
exchange between soils and the atmosphere (Bouwman 1990). Conversely, less 
intensive management improves biological properties (Emmerling et al. 2001), and 
conversion of agricultural land to grassland and forest usually results in considerable 
gains in soil microbial biomass and reductions in N2O and CO2 production (Paul et al. 
2002). Agricultural soils often have higher CO2 emissions than soils under native 
vegetation (Iqbal et al. 2010). Conversion from woodland to orchard could significantly 
increase soil CO2 emissions (Iqbal et al. 2008) and CO2 emissions from orchard soils 
have been found to be higher than those from forest soils (Liu et al. 2008). The present 
results also showed this as the apple orchard was subjected to intensive management 
and had higher soil cumulative N2O and CO2 production potentials than non-agricultural 
grassland and unmanaged forest (p < 0.001) (Figs. 3.4a and b). On the other hand, the 
orchard soils showed higher metabolic quotients (qCO2) than the G and F soils (p < 
0.05) (Table 3.5). This indicated that agricultural soils had substantial effects on soil 
microbial biomass C utilization efficiency under experimental conditions. 
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3.5.2. Combined effects of N addition and land-use type on the production 
potentials of N2O and CO2 
Many studies, including the present one, have suggested that N addition is a key 
parameter that enhances the exchange rate of N2O between soil and the atmosphere 
(Butterbach-Bahl et al. 1997; Ullah and Zinati 2006; Li et al. 2012). Liu and Greaver 
(2009) reported that the addition of N at rates of 10 to 562 kg N ha–1yr–1 significantly 
increased soil N2O emissions by an average of 216% across agricultural and non-
agricultural ecosystems. Soil N2O production was not only related to the rates of 
nitrification and denitrification, but also to soil N status and soil C/N ratio (Dise et al. 
1998; Zhang et al. 2009). For the A soil with a lower soil C/N ratio (Table 3.1), N2O 
production significantly increased with N addition (p < 0.05) (Fig. 3.4a) but the G soil 
that also had a lower C/N ratio did not exhibit a significant increase with N addition 
rate. In addition, in the F soil with a higher soil C/N ratio (Table 3.1), N addition did not 
significantly affect N2O production (Fig. 3.4a). SIN and SN are important sources of 
available N in the soil N pool (Denman et al. 2007), having large dynamics before and 
after incubation (Table 3.1 and 3.5). On the other hand, the present study observed 
positive correlations between the cumulative N2O production and soil SIN and SN 
(Table 3.3), which is in accordance with Zhang et al. (2009). Considering these points, 
Chapter 3 
 
 
43 
the conversion factor of N2O from SIN as defined in Table 3.4 was calculated to explore 
the role of available N during N2O production. In the N0 group, the conversion factor of 
N2O/SIN in the orchard soils was a little lower than that in grassland and forest soils, 
but in the N30 and N150 groups, the conversion factor in the orchard soils was 
significantly higher than in grassland and forest soils (Table 3.4). This suggests that 
N2O production was more sensitively affected by N additions in the orchard soils 
having original high SIN concentrations (Table 3.1) than in G and F soils (Fig. 3.2). The 
added mineral N in the G and F soils, having lower initial concentrations of SIN and 
SN, was generally immobilized by microbes as their metabolized materials (Janssen 
1996). Thus, the remaining N was not sufficient to increase soil N availability; it could 
not lead to the increases in N mineralization, nitrification or denitrification, and 
consequently it was not enough to influence the N2O production rate (Bowden et al. 
1991).  
In the A soil, during week 1–4, N2O production rate was enhanced by N addition 
rates significantly (p < 0.05); the cumulative N2O production amount in this period 
contributed almost 50% of the entire incubation period (Fig. 3.3a). In the present study, 
soil organic matter such as SOC, microbial biomass (e.g. MBC and MBN) and NH4
+
-N 
decreased gradually with incubation time (Table 3.1 and 3.5), which was in accordance 
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with the study of Lang et al. (2011). The first instance of N fertilization in the A soil 
could be rapidly increasing the available N for nitrifying and denitrifying 
microorganisms (Nishina et al. 2009; Davidson et al. 2000), and thus increasing N2O 
production significantly. With the incubation time, interacted with N addition, N2O 
production in the A soil did not increase significantly after the second and third N 
additions (Fig. 3.3a). These results indicated that the rates of organic matter 
decomposition, microbial activity and N mineralization were fast in the first six weeks 
of laboratory incubation experiment; after this period, soil microbial activity and N 
transformation may have reached an equilibrium, so that N additions did not 
significantly increase N2O production any more.  
The effect of N addition on CO2 emission was unknown in different land uses 
and ecosystems. Li et al. (2012) reported that elevated N deposition led to a significant 
increase in the emission of CO2 during the growing season in an alpine grassland. Litton 
et al. (2007) reported that increased N deposition could reduce allocation to fine roots 
and then reduce soil respiration rates (Janssens et al. 2010). Additionally, Ambus and 
Robertson (2006) showed that CO2 efflux was not affected by increased N-inputs in an 
unmanaged forest and grassland. In this study, laboratory incubation of root-free soil 
showed that heterotrophic respiration from the microbial community in the orchard and 
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forest soils was reduced with N additions (Figs. 3.3d and f), while it was increased in 
grassland soils (Fig. 3.3e). Significant differences caused by short-term N additions 
were not observed in the aerobic incubation conditions (Fig. 3.4b). Similar dynamical 
trends were also found for qCO2 (Table 3.5), indicating N addition had no significant 
effects on soil microbial biomass C utilization efficiency. N inputs can reduce the 
amount of soil microorganisms and their activities (Compton et al. 2004; Frey et al. 
2004), and thus restrict CO2 production from the orchards and forest soils. Some studies 
considered that N additions would increase rates of N mineralization and thus promote 
CO2 emission (Hobbie 2000). Similar findings were found in the grassland soils in that 
N mineralization rate (Figs. 3.5a and b) increased with the N addition rate associated 
with CO2 production. A nearly equal ratio of soil MBC/MBN from A and F soils (Table 
3.1) may indicate their similar microbial flora, the rates of microbial N and C turnover 
and thus similar response of CO2 to N addition (Fig. 3.4b). Therefore, further studies on 
GHG emissions under field conditions should be conducted. 
 
3.6 Conclusions 
Land-use type significantly influenced the cumulative production potentials of 
N2O and CO2 through its effects on soil biological and biochemical properties 
Chapter 3 
 
 
46 
(p<0.001). Apple orchard soils that were subjected to intensive agricultural techniques 
showed significantly increased production potentials of the two major GHGs relative to 
soils from a non-agricultural grassland and unmanaged mixed forest soils. Furthermore, 
the response of N2O production to N addition was likely due to the soil available N 
status, especially at the early stages of N addition, and was relatively larger in apple 
orchard soil that received fertilizer N than in the other two land-use soils. Soil CO2 
production exhibited various responses to additional N, and increased in grassland soils 
but decreased in the apple orchard and forest soils. The soil N mineralization process, 
i.e. organic matter decomposition, accounted for the majority of N2O and CO2 
production during the aerobic soil incubation process in all land-use soils.  
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Table 3.1 Chemical and microbial properties of initial soils at the three experimental sites 
 
Table 3.2 General linear model analysis of the effects of land use type and N addition treatment 
on cumulative N2O and CO2 production during 12 weeks of incubation (n = 3) 
Variable 
Degree of 
freedom 
Cumulative N2O production                      
(mg N2O-N kg
−1
 d.s.) 
 
Cumulative CO2 production                                  
(g CO2-C kg
−1
d.s.) 
Type III sum of 
squares 
F  
value 
P 
value 
 
Type III sum of 
squares 
F 
value 
P 
value 
Land use (L) 2 3.21 296.41 0.001  3.68 39.9 0.001 
N addition 
(N) 
2 0.19 17.84 0.001  0.14 1.51 0.248 
L*N 4 0.07 3.09 0.042  0.54 2.93 0.050 
Error 18 0.1    0.83   
Land use Apple orchard Grassland Forest 
pH (H2O) 4.8 ± 0.3
b
 5.5 ± 0.4
a
 5.4 ± 0.2
a
 
EC (m S m
−1
) 16.2 ± 2.9
a
 7.6 ± 0.9
b
 6.1 ± 0.8
b
 
TC (g kg
−1
d.s.) 93 ±13
c
 124 ± 16
a
 113 ± 11
b
 
TN (g kg
−1
d.s.) 8.5 ± 1.2
b
 10.6 ± 1.6
a
 7.2 ± 0.7
c
 
C/N ratio 11.0 ± 0.3
c
 11.8 ± 0.3
b
 15.8 ± 0.2
a
 
NO3
−
-N (mg kg
−1
d.s.) 15.1 ± 4.8
a
 3.5 ± 0.0
b
 4.2 ± 0.8
b
 
NH4
+
-N (mg kg
−1
d.s.) 4.1 ± 0.7
a
 0.7 ± 0.1
b
 0.7 ± 0.2
b
 
SOC (mg kg
−1
d.s.) 358 ± 57
a
 198 ± 42
b
 354 ± 32
a
 
SN (mg kg
−1
d.s.) 21 ± 6
a
 12 ± 3
b
 10 ± 1
b
 
MBC (mg kg
−1
d.s.) 737 ± 149
b
 930 ± 97
ab
 990 ± 121
a
 
MBN (mg kg
−1
d.s.) 51 ± 16
a
 47 ± 6
a
 59 ± 17
a
 
MBC/MBN ratio 16 ± 1.9
b
 19.7 ± 1.5
a
 17.1 ± 1.1
b
 
Different letters in the same column indicate a significant difference among the three land use types as 
determined by Tukey’s HSD test (p < 0.05, n = 3). d.s., dry soil; EC, electrical conductivity; TC, total carbon; 
TN, total nitrogen; NO3
−
-N, nitrate nitrogen; NH4
+
-N, ammonium nitrogen; SOC, soluble organic carbon; SN, 
soluble nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen. 
d.s., dry soil. 
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Table 3.3 Pearson correlation coefficients between cumulative gas productions (N2O or CO2) from the soils without N addition and initial soil properties  
                 under the three land use types (n = 9) 
Variable pH EC TC TN C/N ratio NO3
−
-N NH4
+
-N SOC SN MBC MBN 
N2O −0.928
**
 0.972
**
 −0.890** 0.188 0.548 0.988** 0.993** 0.598 0.936** 0.728* 0.030 
CO2 −0.795
*
 0.816
**
 −0.787** −0.413 0.203 0.886** 0.866** 0.838** 0.817** 0.407 0.405 
*
and
 ** 
indicate significant effects at p < 0.05 and 0.01, respectively. See Table 3.1 for other symbol definitions.  
 
Table 3.4 N2O conversion factor according to soil inorganic N under three land-use types 
 
 
 
 
 
 
 
Variable 
N0  N30  N150 
CF  CF  NCF  CF  NCF 
Apple orchard 4.56 ± 0.48
b
  3.39 ± 0.18
a
  1.20 ± 0.07
a
  1.76 ± 0.16
a
  0.70 ± 0.19
a
 
Grassland 5.00 ± 0.11
b
  1.79 ± 0.18
b
  0.41 ± 0.19
b
  0.77 ± 0.08
b
  0.40 ± 0.07
b
 
Forest 5.61 ± 0.18
a
  1.85 ± 0.12
b
  –0.02 ± 0.11c  0.63 ± 0.03b  0.13 ± 0.04b 
Different letters in the same column indicate a significant difference among the three land-use types as determined by Tukey’s HSD test 
(p < 0.05, n = 3). N0, without nitrogen addition; N30 with 9.9 mg N kg
–1 
d.s. 12 weeks
–1
 (equivalent to 30 kg N ha
–1 
yr
–1
); N150, with 
16.5 mg N kg
–1 
d.s. 4 weeks
–1
 (equivalent to 150 kg N ha
–1 
yr
–1
). CF, conversion factor is calculated by cumulative N2O 
production/(SIN+N addition); NCF, net N fertilizer conversion factor is calculated by cumulative N2O production of (N treat – N0)/N 
addition. 
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Table 3.5 Chemical and microbial properties of studied soils after 12 weeks of incubation (n = 3) 
Land use   Apple orchard   Grassland   Forest 
N addition   N0 N30 N150   N0 N30 N150   N0 N30 N150 
pH (H2O)   4.03 ± 0.2 4.08 ± 0.2 3.98 ± 0.2   4.57 ± 0.2 4.63 ± 0.1 4.63 ± 0.2   4.82 ± 0.2 4.84 ± 0.1 4.77 ± 0.1 
EC (m S m
−1
)   89.2 ± 5.5 75.6 ± 7.2 86.9 ± 6.3   47.7 ± 8.9 44.0 ± 5.2 61.0 ± 5.4   45.2 ± 5.7 45.5 ± 4.7 50.2 ± 3.5 
TC (g kg
−1
d.s.)   89 ± 5.4 89 ± 3.5 97 ± 4.2   90 ± 8 89 ± 3 80 ± 6   111 ± 7.7 108 ± 0.6 111 ± 2.6 
TN (g kg
−1
d.s.)   8.7 ± 0.2 8.7 ± 0.3 9.6 ± 0.2   8.3 ± 0.7 8.1 ± 0.3 7.3 ± 0.5   7.8 ± 0.5 7.6 ± 0.1 7.9 ± 0.2 
C/N ratio   10.2 ± 0.2 10.3 ± 0.1 10.2 ± 0.2   10.9 ± 0.1 11.0 ± 0.2 10.9 ± 0.1   14.3 ± 0.3 14.2 ± 0.2 14.1 ± 0.2 
NO3
−
-N (mg kg
−1
d.s.)   252 ± 13 233 ± 19 247 ± 12   170 ± 8  195 ± 3 263 ± 13   198 ± 21 197 ± 22 210 ± 11 
NH4
+
-N (mg kg
−1
d.s.)   0.31 ± 0.02 0.30 ± 0.01 0.28 ± 0.03   0.24 ± 0.00 0.24 ± 0.03 0.25 ± 0.01   0.27 ± 0.02 0.26 ± 0.01 0.25 ± 0.01 
SOC (mg kg
−1
d.s.)   334 ± 19 346 ± 23 323 ± 11   142 ± 11 170 ± 31 168 ± 16   295 ± 23 295 ± 24 312 ± 26 
SN (mg kg
−1
d.s.)   109 ± 9 109 ± 10 115 ± 12   68 ± 6 65 ± 8 82 ± 4   70 ± 8 72 ± 6 72 ± 5 
MBC (mg kg
−1
d.s.)   588 ± 66 551 ± 28 579 ± 77   536 ± 96 502 ± 15 580 ± 64   868 ± 107 810 ± 77 958 ± 47 
MBN (mg kg
−1
d.s.)   40 ± 8 4.9 ± 1.3 12.4 ± 4.1   33 ± 8 45 ± 5 48 ± 10   30 ± 4 28 ± 3 27 ± 7 
qCO2 (g CO2-C kg
−1
 MBC h
−1
)   2.77 ± 0.11 2.70 ± 0.01 2.51 ± 0.14   1.92 ± 0.21 2.19 ± 0.04 2.03 ± 0.19   1.48 ± 0.02 1.48 ± 0.04 1.01 ± 0.02 
d.s., dry soil; EC, electrical conductivity; TC, total carbon; TN, total nitrogen; C/N ratio, total carbon to nitrogen ratio;  NO3
−
-N, nitrate nitrogen;  NH4
+
-N, ammonium nitrogen; 
SOC, soluble organic carbon; SN, soluble nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; qCO2, metabolic quotients (CO2-C/biomass-C).    
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Figure 3.1 Maps of soil sampling sites. 
 
Figure 3.2 Regression analyses between cumulative N2O production and N addition. A, G 
and F indicate apple orchard soil, grassland soil and forest soil, respectively. 
YA = 0.0067 X + 0.8851 
(R2 = 0.954, p = 0.097) 
YG = 0.004 X + 0.2132 
(R2 = 1, p = 0.003) 
YF = 0.0014 X + 0.2687 
(R2 = 0.908, p = 0.138) 
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Figure 3.3 Changes in N2O and CO2 production in response to three levels of N-addition. Bars indicate the standard error (n = 3). A, G and F indicate apple 
orchard soil, grassland soil and forest soil, respectively. N0, N30 and N150 indicate N addition levels of 0, 30 and 150 N ha–1 yr–1, respectively. 
Arrows indicate the time of solution addition. 
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Figure 3.4 Cumulative N2O and CO2 production by soils collected from areas subjected to different land uses during 12 weeks of incubation under three 
levels of N addition. Bars indicate the standard error (n = 3). Different letters indicate significant differences at p < 0.05 as determined by Tukey’s 
HSD test. Legends are the same as for Fig. 3.3. 
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Figure 3.5 Correlation between net N mineralization rate and CO2 and N2O production rates with three levels of N addition under three land uses. Legends 
are the same as for Fig. 3.3. 
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Chapter 4 
Effects of land-use type and N deposition on the  
temporal dynamics of greenhouse gas fluxes and soil C, N properties 
4.1 Abstract  
To evaluate the effects of land use types and N addition on the temporal 
dynamics of GHG fluxes, a field experiment was conducted from three adjacent fields 
of apple orchard (A), grassland (G), and forest (F) in Numata city, Gunma prefecture. 
Two treatments were set up: 1) without N addition (N0), 2) with 30 kg N ha–1 yr–1 
(N30). CO2, N2O and CH4 fluxes were determined during the growing season. Soil pH, 
temperature, water filled pore space (WFPS), soil inorganic nitrogen as well as soil 
microbial biomass carbon and biomass nitrogen were also measured. CO2 and N2O 
fluxes showed clear seasonal changes, i.e. highest fluxes were observed in August and 
lowest values in November in all three land-use types. CH4 flux did not show any 
seasonal changes. Further, GHG fluxes showed significant differences among the three 
land-use types, following the orders A ~ G > F for CO2, A > G > F for N2O, and A ~ G > 
F for CH4. Average soil GHG fluxes from A, G and F soils were estimated as 2.90 ± 
0.64, 2.77 ± 0.65, 0.86 ± 0.15 kg C m–2 yr–1 for CO2; 194 ± 57, 141 ± 31, 34 ± 15 mg N 
m–2 yr–1 for N2O; and –205 ± 89, –346 ± 53, –970 ± 126 mg C m
–2 yr–1 for CH4. CO2 
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and N2O fluxes had significant positive correlations with soil temperature. Further, CO2 
flux showed a significant negative correlation with soil WFPS in all lands, but N2O 
fluxes did not show any relation with it. N deposition tended to increase the CO2 and 
N2O fluxes, but no significant effect on the GHG fluxes. Soil C and N pool is stable, 
and soil TC and TN had no clear seasonal change. Soil MBC and MBN showed a clear 
seasonal change only in the forest ecosystem, with the maximum amount in August and 
minimums amount in November. Further, the concentrations of soil C and N in upper 
soil layer (0-10 cm) were higher than those of in subsoil layer (10-20 cm) in all three 
lands. These indicated that soil C and N were easily to be affected by temperature, 
rainfall, agricultural activities and their cycles are faster. It could be concluded that the 
soil temperature mainly affected soil CO2 and N2O fluxes. Apple orchard was the main 
sources of CO2 and N2O. Grassland acted as the medium sources of CO2 and N2O. 
Forest ecosystem emitted lowest CO2 and N2O, acted as the sink of CH4. 
 
4.2 Introduction 
The Environmental Horticulture and Forestry Experimental Farm of Chiba 
University (here after, Numata farm, 36º36' N, 139°00' E; Fig. 3.1) was established in 
July 1948 for the purpose of carrying out education and research on cold upland. The 
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area of Numata farm is 7.5 ha, the apple orchard is about 2 ha, and around the farm is 
forest. The farm is located at the northeast slope of Mt. Komochiyama (altitude 1298 
m), elevation of 725 ~ 800 m. So far, in Numata farm, some of research studies have 
been mainly done on soil surveys or GHGs fluxes (Inubushi et al. 2004, 2005; Xu and 
Inubushi 2004, 2007, 2009; Kong et al. 2013a, 2013b).  
Numata farm, as a model of agricultural ecosystem on the cold highland 
mountainous area, is important for understanding the effect of climate change on the 
material circulation and various environmental issues. On the other hand, it is located at 
the downwind direction of Tokyo metropolitan area during summer period that is likely 
to settle the nitrogen and acid depositions. Therefore, it is considered to be very 
important to elucidate temporal GHGs fluxes, and the simulated N deposition as well as 
their interactions.  
The soil microbial biomass plays an important role in C and N cycling 
(Jenkinson and Ladd 1981). Fluctuation in the size and turnover of the soil microbial 
biomass over the growing season is very important in controlling the turnover of C and 
associated N that in turn regulates plant N availability (He et al. 1997). Seasonal trends 
in soil microbial biomass activity vary with soil type, plant species, land-use and 
management practices (Bardgett et al. 1999). Seasonal variations in these characteristics 
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have been ascribed to a combination of soil moisture, temperature, root activity and 
organic matter return to soils via litterfall and rhizodeposition (Krämer and Green 
2000), which likely lead to significant temporal variation in GHGs fluxes.   
Therefore, to investigate the effects of N deposition on soil CO2, N2O and CH4 
fluxes, and various soil properties were measured and quantified in an apple orchard, a 
grassland and forest following simulated N inputs. 
 
4.3 Materials and methods 
4.3.1 Study area and soil sampling 
The study was conducted at the Numata farm, where the mean annual 
temperature and annual precipitation were 12.01°C and 1,118mm, along with 11.96°C 
and 1,067 mm, respectively (Japan Meteorological Agency 2012). The rainfall and 
reactive nitrogen (Nr) deposition in the year of 2011 and 2012 three land-use type 
(apple orchard, grassland and forest: hereafter referred to as A, G and F, respectively) 
are showed in Fig. 4.1. From June 2011 to May 2012, the annual rainfall and Nr 
deposition in the A, G and F were 1450 mm, 9.1 kg N ha–1 yr–1; 1664 mm, 9.2 kg N ha–1 
yr–1; and 1383 mm, 11.0 kg N ha–1 yr–1, respectively. 
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Figure 4.1 Monthly dynamic of N deposition and rainfall amount 
 
To investigate changes in soil CO2, N2O and CH4 fluxes following a N 
application, we established research plots in the A, the G and the F in the experimental 
fields. In May 2011, twenty four chamber basements consisted of PVC pipe (height 
13.95 cm, inside diameter 21.15 cm) that open at the top and bottom, were inserted into 
the soil to a depth of ca. 3 cm randomly at each land. Gas fluxes and soil sampling were 
collected in the growing season, that is, May, August and November in the two years. 
Nitrogen input included two treatments: 1) 0 kg N ha–1 yr–1 (N0), and 2) 30 kg N ha–1 
yr–1 (N30). The N was added as an NH4NO3 solution and was distributed on three 
occasions during each growing season, which began in May and ended in November 
from 2011 to 2012. During each N application, N30 addition chamber base received 50-
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ml 2.14 g L–1 of the NH4NO3 solution, while N0 control chamber base was treated with 
50-ml distilled water. All applications were spread evenly over the surface soil in each 
chamber base using a drilling plastic cap. The N were applied on 19 May, 26 August 
and 10 November in the first year, and on 21 May, 17 August and 28 November in the 
second year. Gas sampling was conducted before and after 1h, 4h and 20h of each N 
input.  
 
4.3.2 Soil CO2, N2O and CH4 fluxes 
Soil CO2, N2O and CH4 fluxes were measured using the closed chamber method 
(Inubushi et al. 2003). Randomly selected three chamber basements were before, and 
after 1 h, 4 h and 20 h of each N input event to get the monthly GHGs fluxes. 25-mL air 
sample were taken from the headspace inside the chambers with a 30-mL syringe 
connected by a three way port and transferred to a 22-mL vacuum vial that had been 
evacuated with a butyl rubber stopper (5-112-02, As one Co. Osaka, Japan) at 0, 10, and 
20 min after setting the cover on the chamber (Nagano et al. 2012). To determine 
concentrations of CO2, N2O and CH4, 1-mL gas samples were extracted from the sample 
vials and analyzed using gas chromatographs (GC-14B, Shimadzu Co.) equipped with 
an thermal conductivity detector, electron capture detector and flame ionization 
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detector, respectively (Kong et al. 2013a). The concentrations were calibrated with 
standard gases containing 210.8, 421.6 and 843.2 ppm CO2, 0.10808, 0.3616 and 0.7232 
ppm N2O and 1.01, 2.02 and 6.06 ppm CH4, respectively. Gas fluxes were calculated as 
follows: 
F = ρ×V/A×∆c/∆t × 273/(273+T)  
Where F is the gas flux (mg C m–2 h–1 for CO2, µg N m
–2 h–1 for N2O and µg C 
m–2 h–1 for CH4), ρ is the gas density (mg m
–3; ρCO2-C = 0.536, ρN2O-N = 1.25, ρCH4-
C = 0.536,). ∆c/∆t is the rate of change of the gas concentration (c) inside the chamber 
per unit time (10–6 m3 m–3 h–1) (t). V is the volume of the chamber (m3). A is the cross-
sectional area of the chamber (m2). T is the air temperature (°C). GHG fluxes were 
calculated using linear regression between the gas concentration inside the chamber and 
the measured time. If Pearson’s coefficient (r) between gas concentration and time was 
less than 0.8, the data was removed from the results. Positive values represent net 
production from the soil and negative values indicate net uptake by the soil. 
 
4.3.3 Soil properties 
The soil samples were collected on the four occasions during the two growing 
seasons on 19 May, 26 August and 10 November in 2011, and on 21 May 2012. Before 
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soil sampling, aboveground biomass in each chamber were collected. Soil core sample 
at a depth of 0-5 cm were collected in each chamber to determine soil water filled pore 
space (WFPS), bulk density and other properties.  
Soil samples were then collected from three chambers in each treatment and 
land-use at the depths of 0-10 cm and 10-20 cm. The samples were sieved (2 mm mesh), 
subsampled for 1M KCl extraction (1: 5, KCl), 0.5M K2SO4 extraction (1: 5, K2SO4), 
gravimetric water content (105 °C, for 48 h), and then air-dried in room temperature. 
Extracts of KCl and K2SO4 were filtered and frozen prior to analysis. The measuring 
methods for soil pH, EC, TC, TN, NO3
–
-N, NH4
+
-N, SOC, SN, MBC and MBN were 
the same as for 2.3.2 of Chapter 2.  
 
4.3.4 Statistical analysis 
All statistical analyses were performed using the software SPSS Statistics 20 
(IBM, New York, USA). The effect of seasonal changes, land use type and N treatment 
on the cumulative N2O and CO2 production potential were examined using the 
multivariate analysis of variance (MANOVA). Pearson’s correlation and stepwise linear 
regression analysis were employed to examine the relationships between soil GHGs 
fluxes and environmental, soil variables.  
Chapter 4 
 
 
62 
4.4 Results 
4.4.1 Temporal dynamics of soil GHG fluxes under three land-use systems 
From two years study, it was found that soil CO2 fluxes showed a clear temporal 
dynamics; with the tendency that maximum occurred in Aug., minimum in Nov. and 
intermediate in May under all three land-use types (Fig. 4.2). Further, significant 
differences in GHG fluxes were observed among the three soils, following the orders A 
~ G > F for CO2, A > G > F for N2O, and A ~ G > F for CH4. Average soil GHG fluxes 
from A, G and F soils were estimated at 2.90 ± 0.64, 2.77 ± 0.65, 0.86 ± 0.15 kg C m–2 
yr–1 for CO2; 194 ± 57, 141 ± 31, 34 ±15 mg N m
–2 yr–1 for N2O; and –205 ± 89, –346 ± 
53, –970 ± 126 mg C m–2 yr–1 for CH4. Repeated measures three-way ANOVA found a 
significant interaction between seasonal change and land use on soil CO2 fluxes (p < 
0.05) (Table 4.1). 
On the other hand, peak of N2O emission was also detected in August, while the 
lowest emission was observed in November in all lands (Fig. 4.2). It was observed that 
N2O fluxes were decreased significantly in 2012 in the A and the G (p < 0.05). Further, 
significant differences in soil N2O fluxes were observed among the three land-use types, 
following the orders of A > G > F (Table 4.1). Average soil N2O fluxes were: 194 ± 57, 
141 ± 31, 34 ± 15 mg N m–2 yr–1 in the A, G and F soils, respectively.  
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CH4 fluxes did not exhibit a temporal dynamic with temperature change. 
Throughout the measuring period, all site soils absorbed atmospheric CH4, except in 
August 2011 that some of chambers emitted CH4, probably because of rainfall on that 
gas-sampling day (Fig. 4.2). Significant difference of soil CH4 fluxes were observed 
among the three land-use types, following the orders of A ~ G > F (Table 4.1). Average 
soil CH4 fluxes were estimated as –205 ± 89, –346 ± 53, –970 ± 126 (± S.D.) mg C m
–2 
yr–1 for CH4 fluxes in the A, G and F soils, respectively.  
 
4.4.2 Effects of N input on soil CO2, N2O and CH4 fluxes 
It was observed that mean CO2 fluxes were 331 mg C m
–2 h–1 for N0 and 368 
mg C m–2 h–1 for N30 in the A soils, 316 mg C m–2 h–1 for N0 and 312 mg C m–2 h–1 for 
N30 in the G soils, 98 mg C m–2 h–1 for N0 and 95 mg C m–2 h–1 for N30 in the F soils. 
N input tended to increase CO2 fluxes in the A soil, but almost no impacts for the G and 
the F soils (Fig. 4.2 a). 
The mean N2O fluxes was 22 μg N m
–2 h–1 for N0 and 44 μg N m–2 h–1 for N30 
in the A soils, 16 μg N m–2 h–1 for N0 and 21 μg N m–2 h–1 for N30 in the G soils, 4 μg 
N m–2 h–1 for N0 and 5 μg N m–2 h–1 for N30 in the F soils. N input tended to increase 
N2O fluxes in all lands, particularly in the A soils (Fig. 4.2). N2O fluxes in the fields, as 
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similar with the aerobic incubation experiment, the A soil was sensitivity to N addition 
and had the highest rate following N applications (Figs. 2.4 and 4.2). However, the 
effect of N input was not significant on N2O fluxes (p > 0.05) (Table 4.1). 
The mean CH4 fluxes was –23 μg C m
–2 h–1 for N0 and –16 μg C m–2 h–1 for 
N30 in the A soils, –40 μg C m–2 h–1 for N0 and –39 μg C m–2 h–1 for N30 in the G soils, 
–111 μg C m–2 h–1 for N0 and –110 μg C m–2 h–1 for N30 in the F soils. N input tended 
to decrease CH4 uptake in the A soils, while almost no impact in the G and the F soils 
(Fig. 4.2).  
 
4.4.3 Temporal dynamics of soil properties under three land-use systems 
In the forest ecosystems, soil MBC and MBN showed a clear seasonal change, 
with the maximum amount in August and minimums amount in November. Further, the 
concentrations of MBC and MBN in upper soil layer (0-10 cm) were higher than those 
of in subsoil layer (10-20 cm) in all three lands. SOC showed clear seasonal dynamics 
in the G soil. The concentrations of SOC in the both soil layers were almost same, and 
the A soils had the highest SOC. SIN concentration was higher in the upper soil layer 
than subsoil layer, and the F soil had the largest amount (Fig. 4.3). Soil TC and TN had 
no clear seasonal change, the upper soil layer had significant higher TC and TN contents 
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than subsoil layer. The F soil had highest TC contents in the three lands, while soil TN 
contents had no significant difference among the three land-use types (Fig. 4.3).  
 
4.4.4 Correlations between GHG fluxes and soil variables 
Soil CO2 flux responded positively to soil temperature and MBN in all three 
land-use types (Table 4.2-1) while a positive influence of SOC on the soil CO2 flux was 
observed only for A and F. Linear regression model provided positive relationship 
between soil CO2 flux and soil temperature (Fig. 4.4). On the other hand, soil 
temperature accounted for 62.3% (Fig. 4.4) of the seasonal variability for soil CO2 
fluxes. Further, soil CO2 fluxes showed a negative correlation with soil WFPS, and it 
accounted for 16.4% (Fig. 4.4) of the seasonal variability for soil CO2 fluxes. It 
indicated that soil temperature was a positively controlling factor for soil CO2 flux. 
Soil N2O fluxes had positive correlation with soil TC in the A and G soils, while 
negative correlation in the F soils (Table 4.2-1). Higher Pearson’s correlation coefficient 
between soil NO3
–
-N and soil N2O flux was found only in the F soils (Table 4.2-1). 
Linear regression model provided positive relationship between soil N2O flux and soil 
temperature (Fig. 4.4). On the other hand, soil temperature accounted for 18.6% (Fig. 
4.4) of the seasonal variability for soil N2O fluxes. 
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A positive correlation between soil TN and soil CH4 flux was found only in the 
A soils; a negative correlation between soil NO3
–
-N and soil CH4 flux was found only in 
the F soils (Table 4.2-1). From the stepwise linear regression analyses, soil MBC and 
MBN was found to be the main and positive factors on soil CH4 fluxes (Table 4.2-2). 
And CH4 fluxes also correlated with soil water content and soil pH. 
 
4.5 Discussion 
4.5.1     Seasonal dynamics of GHG fluxes 
Atmospheric CO2 assimilated by photosynthesis evolves by ecosystem 
respiration from metabolic activity of plant and soil microbes. The flux of CO2 from the 
soil is in principle the result of two processes: the production and the transport of CO2. 
In soils, plant roots and soil microbes are the dominant CO2 producers (Morén and 
Lindroth 2000). Many studies including mine had reported that temperature have a 
pronounced influence on the seasonal dynamics of soil respiration (Longdoz et al. 2000; 
Inubushi et al. 2003). Seasonal variability was maximum in summer, minimum in 
winter and intermediate in autumn (Fig. 4.1). The seasonal pattern of soil CO2 flux was 
in accordance with the finding of Tang et al. (2006), who reported it to be coinciding 
with the seasonal changes of soil temperature and moisture. Iqbal et al. (2008) found 
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seasonal changes in DOC and soil temperature, which correlated with soil CO2 flux. 
Lou et al. (2004) reported seasonal changes of CO2 flux to be correlated with soil 
temperature, soil MBC and SOC. Soil CO2 flux was increased not only with microbial 
biomass but also with fine root biomass in the tropical forests (Adachi et al. 2006). 
Although we have not carried out any study about biotic factors, these chapter 
suggested that the seasonal change of soil CO2 flux was affected not only by the 
seasonal change of abiotic but may also by the biotic factors (Han et al. 2007). 
Accordingly, higher soil CO2 flux during the summer may have been due to enhanced 
root respiration resulting from active root growth and increased microbial respiration 
associated with high soil temperature (around 30˚C). On the contrary, lower soil CO2 
fluxes in winter were likely related to depressed root and microbial respiration by low 
soil temperature (< 10˚C). 
N2O is a by-product product of both chemolithotrophic nitrification and an 
intermediate product of denitrification processes, and the flux is closely controlled by 
oxygen availability, tidal influence and the availability of nitrogen substrate 
(Kreuzwieser et al. 2003, Kong et al. 2013b). Generally, soil moisture content, soil 
temperature, and N availability are the key factors regulating N2O emissions 
(Butterbach-Bahl et al. 1997). Increases in soil temperature, or inorganic N availability 
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usually stimulate soil microbial processes and consequently N2O production. Although 
soil moisture content has been shown to be the dominant factor controlling soil N2O 
emission rates in many terrestrial ecosystems, Henrich and Haselwandter (1997) 
observed no relationship between soil N2O flux and soil temperature or soil moisture in 
an 80-year-old Norway spruce forest in Austria. In this Chapter, it was also observed no 
relationship between soil N2O flux and soil moisture content (Table 4.2-1), but a 
positive correlation between soil N2O flux and temperature was detected (Table 4.2-1). 
Also, soil temperature is known to be an important controller of microbial processes. 
Changes in soil temperature, coupled with the available substrate, have probably 
favored increased N2O production. Although soil N2O emissions are not always directly 
related to changes in temperature, temperature is considered an important factor in 
conjunction with other environmental variables (Yates et al. 2006). On the other hand, 
soil pH was reported that could also affect the soil N2O flux and an increase in soil pH 
can often increase the nitrification rate in forest ecosystems (Smolander et al. 1998). 
However, in the present study, we observed a negative correlation between soil pH and 
soil N2O flux in the A soils, a positive correlation in the G soils (Table 4.2-2). However, 
establishing a strong predictive relationship between soil N2O flux and a single 
parameter, such as soil temperature, soil moisture content, and SIN concentrations is 
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very difficult in the field study, perhaps because the process of soil N2O production is 
very complex and influenced by many factors (Groffman et al. 2000). 
Our results further suggested that, unlike CO2 and N2O fluxes that were mainly 
determined by soil temperature, CH4 fluxes showed very slightly response to the change 
of temperature. It appears that CH4 oxidation is mainly controlled by soil gas diffusivity 
in such a way that as soon as gas diffusivity is non-limiting, CH4 uptake rate stabilizes. 
These results are consistent with those of Price et al. (2003) who found that the main 
control of CH4 oxidation rate was gas diffusivity (i.e., diffusion of CH4 and O2 to the 
methanotrophs sites), and temperature response was small. Steudler et al. (1989) also 
found that CH4 uptake rates at Harvard forest were reduced significantly by elevated 
soil water content. Because soil gas diffusivity and soil ammonium content are the main 
controls of CH4 oxidation, any change in climate that alters the amount and pattern of 
precipitation as well as N deposition will have a significant effect on the CH4 oxidation 
capacity of soils. However, in terms of the net GHG balance, reduction in CH4 uptake 
due to N fertilization is expected to have a small impact as compared to that from the 
increase in N2O emissions. 
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4.5.2     Effect of land-use type on GHG fluxes 
In the field condition, land-use type also showed significant effects on CO2, N2O 
and CH4 flux (Table 4.1). Apple orchards had the largest while forest had the lowest 
global warming potential in the three land-use ecosystems. In the 2nd year, global 
warming potential had a great increase in grassland, may because of enclosure that 
increased upland biomass amount and plant respiration (Fig. 4.5). These were similar 
results with the incubation experiment in chapter 3, i.e. apple orchard soil showed the 
largest CO2 and N2O production potentials (Fig. 3.4). It was proofed again that 
agricultural management increased global warming. Forest showed the relatively lower 
emissions of CO2 and N2O in the field; it was mainly because of its lower temperature 
(Table 4.3). As mentioned in 4.5.1, diffusion of CH4 was the main factor for CH4 
oxidation rate.  Lowest soil bulk density in the forest soils indicated more pore space in 
the forest soil (Table 4.3). So that it was easily to understand its higher CH4 uptake 
potential.  
  In the present Chapter, it was not observed significant correlations between N 
input and any kind of GHG fluxes, even in the A soils, N input did not significant 
increase N2O fluxes (Table 4.1). It was probably because that the additional N inputs 
only showed short period effects on GHG fluxes (Kim et al. 2012). In this study, the 
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GHG fluxes was determined after three month later of N inputs, so that it would be 
difficult to find the effects of N inputs on GHG fluxes. Thus shortening the time 
between the two samples, better in one week after N supply, was suggested.  
 
4.6 Conclusions 
The CO2 and N2O fluxes had clearly seasonal dynamics; they showed positive 
correlations with temperature that was, showing peak values in August while lowest in 
November during the two growing seasons. CH4 fluxes exhibited no seasonal dynamics 
in the three land-use types. Land-use type had significant impacts on GHG fluxes; 
namely, apple orchard had the maximum emissions of CO2 and N2O fluxes, while the F 
cover land showed the least amount of CH4 flux among the three land-use types. N 
deposition tended to increase the CO2 and N2O fluxes, but N deposition was not 
affecting GHG fluxes significantly.  
On the other hand, agricultural activity (long-term fertilizer, pesticides) had 
significant effect on soil structure and physical properties (bulk density, EC and WFPS) 
and then affected soil chemical (SIN, STN, SOC, TC and TN) and microbial properties 
(MBC and MBN). Soil SIN, SN, MBN and TN, as well as, soil MBC and TC had higher 
amount in the upper soil layer; which were easily affected by the dynamics of 
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environment, like temperature and soil moisture. In the forest ecosystems, soil MBC 
and MBN showed a clear seasonal change, with the maximum amount in August and 
minimums amount in November.  
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Table 4.1 F values of three-way ANOVA tests showing the effects of seasonal change (S), 
land-use type (L) and N input (N) on GHG fluxes and soil parameters.  
Parameters 
Sources of variation 
S L N S * L S * N  L * N  S * L * N  
CO2 
1.91
***
 24.15
***
 0.03
NS
 1.91
***
 0.24
NS
 0.02
NS
 1.87
NS
 
N2O 
129.99
***
 62.23
***
 0.79
NS
 13.40
***
 0.24
NS
 1.11
NS
 0.39
NS
 
CH4 
29.34
NS
 12.71
***
 2.53
NS
 7.13
NS
 2.15
NS
 1.42
NS
 1.05
NS
 
MBC 6.99
**
 72.64
***
 0.04
NS
 4.13
**
 0.26
NS
 1.81
NS
 1.16
NS
 
MBN 33.19
***
 75.15
***
 3.61
NS
 5.07
**
 1.38
NS
 0.01
NS
 1.01
NS
 
SOC 25.53
***
 62.84
***
 6.84
*
 3.52
*
 0.23
NS
 8.40
***
 3.13
*
 
SN 20.29
***
 5.34
**
 0.06
NS
 1.71
NS
 0.91
NS
 1.01
NS
 0.59
NS
 
NO3
−
-N 21.32
***
 9.12
***
 0.32
NS
 0.86
NS
 0.55
NS
 0.56
NS
 0.12
NS
 
NH4
+
-N  5.92
**
 15.13
***
 0.10
NS
 8.19
***
 2.17
NS
 5.15
**
 2.08
NS
 
TC 10.41
***
 140.71
***
 3.36
NS
 4.15
***
 0.06
NS
 2.21
NS
 2.37
NS
 
TN 0.54
NS
 0.76
NS
 0.19
NS
 0.21
NS
 0.05
NS
 0.05
NS
 0.12
NS
 
C/N ratio 0.9
NS
 436.54
***
 2.55
NS
 1.02
NS
 2.95
NS
 0.21
NS
 1.37
NS
 
pH (H2O) 
0.34
NS
 16.64
***
 0.03
NS
 0.08
NS
 0.07
NS
 1.09
NS
 0.07
NS
 
EC 7.90
**
 1.86
NS
 1.19
NS
 12.09
***
 0.10
NS
 3.93
*
 1.72
NS
 
BD 6.89
**
 14.74
***
 3.97
NS
 1.17
NS
 2.84
NS
 0.43
NS
 0.79
NS
 
WFPS 9.00
***
 6.14
**
 0.59
NS
 2.06
NS
 2.50
NS
 0.58
NS
 0.22
NS
 
MC 3.91
*
 41.87
***
 2.83
NS
 0.95
NS
 0.71
NS
 0.32
NS
 0.49
NS
 
T 2101.99
***
 260.04
***
 0.00
NS
 20.11
***
 0.00
NS
 0.39
NS
 0.39
NS
 
BD, bulk density; WFPS, water filled-pore space; MC, soil moisture content; T, surficial temperature; *, 
**
 and 
***
 indicate significant effects at p < 0.05, 0.01and 0.001, respectively.  
NS
 indicate no significant 
effect. 
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Table 4.2-1 Correlation between soil GHG fluxes and soil properties under the three land-use systems during two growing seasons.   
Land-
use 
N 
input 
GHG 
fluxes   Pearson's correlation coefficient             
      
        MBC MBN SOC NO3
-
-N NH4
+
-N TC TN C/N pH EC BD WFPS MC T 
A 
N0 CO2   .243 .677
**
 .516
*
 .313 .081 -.378 .116 .237 .279 .553
*
 -.413 .151 .487
*
 .825
**
 
N30 CO2   .548
*
 .901
**
 .494 .523
*
 .489 -.066 .284 -.085 .379 .573
*
 -.657
**
 -.268 .615
*
 .828
**
 
N0 N2O   .365 .194 .476
*
 -.241 .020 -.824
**
 -.092 .675
**
 .133 .002 .115 .480
*
 .260 .529
*
 
N30 N2O   .933
**
 .325 .456 .022 .895
**
 -.717
**
 -.174 -.187 .046 .404 -.176 .376 .510 .610
*
 
N0 CH4   .419 .706
**
 .436 .386 .309 .148 .584
*
 .253 .592
**
 .524
*
 -.304 -.141 .156 .363 
N30 CH4   .159 -.051 -.091 .183 .456 .083 .628
*
 .325 .334 .191 -.014 .126 .104 -.181 
                                    
G 
N0 CO2   -.243 .633
**
 .438 .477
*
 -.044 -.450 .047 .480
*
 .293 -.278 .170 -.313 -.286 .710
**
 
N30 CO2   .534
*
 .830
**
 .475 .626
*
 .055 -.093 .092 -.090 .033 -.296 -.371 -.514
*
 .004 .882
**
 
N0 N2O   -.070 -.358 .519
*
 -.190 -.063 -.870
**
 -.199 .698
**
 -.125 -.667
**
 .135 .459 .222 .387 
N30 N2O   .354 -.130 -.050 -.116 -.403 -.838
**
 -.180 .496 -.128 -.926
**
 -.245 .019 .424 .500 
N0 CH4   .691
**
 -.266 .387 -.313 .230 .135 .416 .498
*
 .363 -.072 .156 .352 .007 .161 
N30 CH4   .332 .671
**
 .688
**
 .368 -.223 -.318 .082 .258 .064 -.258 -.202 -.291 -.020 .830
**
 
                                    
F 
N0 CO2   .613
**
 .820
**
 .536
*
 .459 .978
**
 .098 .218 .255 .160 .640
**
 -.499
*
 -.379 .295 .760
**
 
N30 CO2   .717
**
 .717
**
 .592
*
 .317 .843
**
 -.438 .093 .057 -.007 .556
*
 -.683
**
 -.603
*
 .510
*
 .879
**
 
N0 N2O   -.220 .504
*
 .227 .591
**
 .170 .514
*
 .291 -.194 .197 .179 .484
*
 .234 -.565
*
 .224 
N30 N2O   .664
**
 .933
**
 .803
**
 .645
**
 .781
**
 .100 .348 .137 .117 .770
**
 -.383 -.372 .224 .700
**
 
N0 CH4   .730
**
 .017 .198 -.623
**
 .303 -.604
**
 .175 .553
*
 .313 -.191 -.499
*
 -.185 .619
**
 .215 
N30 CH4   
-.050 -.550
*
 
-
.714
**
 
-.724
**
 -.258 -.444 .222 .375 .303 -.765
**
 .038 .176 .189 -.262 
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Table 4.2-2                        
Land-use N input GHG fluxes   Stepwise linear regression           
        Equation     Adjust R2 
Apple 
Orchard 
N0 CO2   CO2 = 18.42 T + 16.85 MC + 55.06 pH − 968.67   0.873
***
 
N30 CO2   CO2 = 19.32 MBN+ 0.79 SOC − 892.61   0.948
***
 
N0 N2O   N2O = −1.55 TC + 0.54 NO3
−
-N + 40.52 C/N − 5.67 pH + 1.12 EC − 279.52   0.975*** 
N30 N2O   N2O = 0.25 MBC + 134.14 NH4
+
-N+ 216.19   0.954*** 
N0 CH4   CH4 = 0.547 MBN + 4.62 pH − 61.08   0.634
***
 
N30 CH4   CH4 = 1.95 TN − 34.66   0.348
**
 
                          
Grassland N0 CO2   CO2 = 26.76 SN + 907.94 NH4
+
-N + 5.63 NO3
−
-N − 480.26   0.943*** 
N30 CO2   CO2 = 17.75 T + 5.18 NO3
−
-N + 15.54 MC − 757.65   0.979*** 
N0 N2O   N2O = −0.915 TC + 0.10 SOC  + 78.95   0.956
***
 
N30 N2O   N2O = −9.52 EC + 11.19 pH − 4.61 MC  + 226.41   0.980
***
 
N0 CH4   CH4 = 0.10 MBC + 1.42 T − 147.60 NH4
+
-N + 8.57 MC − 383.54   0883*** 
N30 CH4   CH4 = 3.77 T + 91.64 BD  + 18.24 C/N − 388.98   0.812
***
 
                          
Forest N0 CO2   CO2 = 90.73 NH4
+
-N + 0.25 SOC − 48.44   0.994*** 
N30 CO2   CO2 = −2.31 TC + 11.6 EC +1.16 TN + 0.03 MBC + 242.34   0.995
***
 
N0 N2O   N2O = 0.23 SN − 0.35 EC + 3.26   0.972
***
 
N30 N2O   N2O = 0.063 MBN − 1.57    0.861
***
 
N0 CH4   CH4 = 0.07 MBC − 2.21 NO3
−
-N + 3.83 TN − 163.90   0.834*** 
N30 CH4   CH4 = −5.71 SN + 0.17 MBC + 5.13 TN − 7.45 MC + 148.53   0.953
***
 
BD, bulk density; WFPS, water filled-pore space; MC, soil moisture content; T, surficial temperature; Asterisks with values represent the level of significant 
of correlations and regression models (
*
, p < 0.05, 
**
, p < 0.01 and 
***
, p < 0.001) 
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Table 4.3 Seasonal dynamics of soil physical-properties from three land-use types.  
Land-use     
type 
May, 2011 August, 2011 November, 2011 May, 2012 August, 2012 November, 2012 
Tem. WFPS BD Tem. WFPS BD Tem. WFPS BD Tem. WFPS BD Tem. WFPS BD Tem. WFPS BD 
A 28 46.7 0.72 30 59.1 0.65 11 43.0 0.56 29 44.4 0.62 30 45.9 0.46 9 50.0 0.67 
G 33 45.5 0.68 31 61.9 0.68 14 47.8 0.55 31 42.8 0.51 32 44.5 0.70 11 64.1 0.77 
F 19 55.9 0.53 25 55.8 0.35 10 54.1 0.44 20 59.4 0.53 25 53.8 0.52 5 70.4 0.67 
Tem., temperature; WFPS, water filled-pore space; BD, bulk density. A, G and F indicate apple orchard soil, grassland soil and forest soil, respectively.   
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Figure 4.2 Temporal dynamics of soil CO2, N2O and CH4 fluxes during the two growing 
seasons. A, G and F indicate apple orchard, grassland and forest, respectively. N0 and N30 
indicate N addition levels of 0 and 30 kg N ha
–1
 yr
–1
, respectively. 
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Figure 4.3 Temporal dynamics of soil properties. A, G and F indicate apple orchard, grassland 
and forest, respectively. –1 and –2 indicate soil layer of 0–10 cm and 10–20 cm, 
respectively. 
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Figure 4.4 Correlation between CO2 and N2O fluxes and soil temperature and WFPS. Red 
circular, green A square and blue triangles indicate apple orchard, grassland and forest, 
respectively. 
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Figure 4.5 Global warming potential (GWP) of three land-use types. The GWP is defined as the  
        ratio of time-integrated radioactive forcing from the instantaneous release of 1 kg of a   
        reference gas (IPCC 2007): GWP(CO2-equivalent) = CO2+25*CH4+298*N2O. A, G and F 
indicate apple orchard, grassland and forest, respectively. N0 and N30 indicate N addition 
levels of 0 and 30 kg N ha
–1
 yr
–1
, respectively. 
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Chapter 5 
General Discussion and Conclusions 
5.1  General Discussion 
Land-use type can have indirect effects on vegetation cover and upland biomass 
input (Bouwman 1990). In the present study, apple orchards are covered with apple tree 
and grass; Grassland covered with grass; F covered with tree and shrub, with a large 
number of falling leaves. Land managements in the apple orchards are fertilizer, 
weeding and pesticide; Grassland is weeding; while no any management in forest. 
Interaction between land-use cover and management have great impact on biomass 
inputs, soil temperature, moisture, soil available C and N and their transfer rate, 
microbial biomass and other soil properties, and then have great impacts on GHG fluxes 
from soil surface. In Chapter 3 and 4, both under laboratory incubation and field 
conditions, chronic fertilizer use in the orchard fields resulted in significant increase in 
soil CO2 and N2O fluxes (Figs. 3.4 and 4.2). Forest soil had the lowest CO2 and N2O 
fluxes (Figs. 3.4 and 4.2). But in situ, the forest had about 4 times lower than A and G 
lands; it was probably because of its lower soil bulk density and relatively lower 
temperature. Our results suggest that conversions of natural land use to agro-ecosystem 
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would potentially increase the soil-to-atmosphere GHG fluxes that will ultimately lead 
to a forward step to global warming.  
N deposition had a great increase over last century, and the use of N fertilizer is 
expanding globally. Many studies, including this one, have suggested that N deposition 
or fertilizer is a key parameter that enhances the exchanging rate of N2O (Butterbach-
Bahl et al. 1997; Ullah and Zinati 2006; Li et al. 2012). In Chapter 3, under the aerobic 
incubation condition, N2O production significantly increased with N150 addition dose 
in the A soils (Fig. 3.4a), while no significant effects were found in the G and F soils 
(Fig. 3.4b and c). Under the situ conditions, N addition had no significant effects on any 
GHG fluxes in all three land-use types (Table 4.1). These suggested that under the 
incubational conditions, the added mineral N could be rapidly increasing the available N 
for nitrifying and denitrifying microorganisms (Nishina et al. 2009; Davidson et al. 
2000), and thus increasing N2O production. While under the field conditions, the 
additional N input may be runoff or diluted by rainfall, or used by plants, and thus could 
not affect GHG fluxes. On the other hand, GHG fluxes in the situ conditions were 
affected by many variables, such as temperature, soil moisture, etc. and the additional N 
may minor or no increase soil available N and thus could not affecting GHG fluxes.  
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Climate and seasonal changes had important impacts on soil C, N cycles and 
GHG fluxes. Most of the seasonal variation of GHG fluxes could be explained by soil 
moisture and soil temperature within a site, which was in agreement with the finding 
from a similar study by Pilegaard et al. (2006). Temperature was the greatest driving 
force of GHG fluxes; on one hand, it affects microbial activity; on the other hand, it 
controlled the conversion rates soil C and N. It also determines the activity rate of the 
soil microorganisms and root biomass. At cooler temperatures the rates of soil C and N 
species conversion are slow, increasing to a maximum as temperatures rise. The soil O2 
concentration is another important factor on microbial activity and GHG fluxes that 
influenced by the moisture content. In this study, higher CO2 production in the Japanese 
soils was probably due to the higher soil SOC and MBC contents (Table 2.2), which had 
positive correlations with soil temperature and moisture in the field conditions. Seasonal 
variability pattern of soil CO2 and N2O fluxes were maximum in summer, minimum in 
winter and intermediate in autumn in central Japan (Fig. 4.1), accordance with the 
seasonal changes of soil temperature. 
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5.2   General conclusions 
1. Land-use type had significantly effects on GHG fluxes through affecting soil 
properties in both of eastern Hungary and central Japan. Different land-use systems 
significantly affected the soil temperature, soil moisture content, WFPS, pH, TC, 
SIN, SOC, SN, especially soil MBC and MBN. With the lowest soil temperature and 
bulk density, largest soil moisture, WFPS, SIN, SOC, SN and MBC, MBN in the 
forest system. These differences interaction and combined together making the 
forest system to be the smallest sources of CO2 and N2O while the largest sink of 
CH4. Agricultural activity in the apple orchards increased CO2 and N2O emissions 
while decreased CH4 uptake both under the field and the aerobic incubation 
conditions.  
2. High dose of N addition (N150) significantly increased soil N2O production under 
the aerobic incubation conditions by rapidly increasing soil available N. But under 
the field conditions, N inputs showed no significant effects on GHG fluxes that were 
very complexly affected by many properties. 
3. Climate and seasonal changes have great impacts on soil temperature and moisture 
contents and thus can affect the soil C and N cycles greatly. Most of the Japanese 
soils had higher CO2 production than Hungarian soils (p < 0.05). High temperatures 
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as well as intense rainfall regions, showed high CO2 and N2O emissions, i.e. showed 
peak values in the hottest August, while lowest values in the coldest November. 
While CH4 fluxes were small affect by soil temperature under the field conditions in 
the Numata farm. 
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